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The neutron spectrometer TOFOR was installed at JET in 2005 for high-rate observation of
neutrons from reactions between two deuterium (D) ions. Neutron spectrometry as a fusion
plasma diagnostic technique is invoked to obtain information about the velocity states of fusion
fuel ions. Based on neutron spectrometry data, conclusions can be drawn on the efficiency
of plasma heating schemes as well as optimization of fuel ion confinement. The quality of
TOFOR analysis is found to depend on how well the instrument response function is known;
discriminator threshold levels, detector time alignment and electronics broadening are identified
as crucial issues.

About 19 percent of the neutrons observed with TOFOR have scattered off the JET vessel wall
or other structures in the line-of-sight before reaching the instrument, as established through
simulations and measurements. A method has been developed to take these neutrons into
account in the analysis. TOFOR measurements of fast deuterium distributions are seen to agree
with distributions deduced from NPA data, obtained based on an entirely different principle.
This serves as validation of the modeling and analysis.

Extraordinary statistics in the TOFOR measurements from JET pulses heated with 3"
harmonic RF heating on D beams allow for study of instabilities using neutron emission
spectrometry. At ITER, similar studies should be possible on a more regular basis due to higher
neutron rates.

Observations of neutrons from Be+He reactions in the TOFOR spectrum from D plasmas
heated with fundamental RF tuned to minority *He raise the question of beryllium neutrons at
JET after installation of the ITER-like wall, and at ITER, with beryllium as the plasma facing
component. This is especially important for the first few years of ITER operation, where the
machine will not yet have been certified as a nuclear facility and should be run in zero-activation
mode.
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discussions on the mechanics, electronics, control and monitor-
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performance of the system relative to the design targets is re-
viewed. In addition, the instrument capabilities are highlighted
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My contribution: Participated in the experiment and in interpre-
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Reactions between fast H, *He or *“He and beryllium could lead
to neutron emission during the non-activated phase of ITER. In
this paper, we investigate the possible magnitude of such neu-
tron emission based on simulations of heating scenarios envi-
saged for this phase of ITER operations. It is concluded that
higher harmonic RF heating on *He or “He could lead to sub-
stantial neutron production.

My contribution: Performed the simulations, wrote the paper
and presented the material at the conference.
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1 Introduction

The physics is simple; the application
requires sophistication.

Jeff Linsky, Magnetics course, 2008-02-13

This thesis concerns diagnostic observations of the JET fusion plasma using
the time-of-flight neutron spectrometer TOFOR. My intention is that the
reader, after making her way through the introductory chapters of this thesis,
will understand what this means, and how our work with TOFOR fits in as
one of the small pieces of the puzzle that will hopefully bring fusion to the
world as an energy source within the next 50 years.

1.1 Fusion as an energy source

Simply speaking, fusion is the process in which two light nuclei fuse to re-
lease energy. The energy released is carried away in the form of kinetic
energy of the product particles. This energy can be harnessed by converting
it to heat which can be used to boil water in a steam cycle, similar to a con-
ventional nuclear power plant. Fusion reactions power the sun and the stars.
The idea of using them for power production also on earth is more than 50
years old. It has, however, turned out to be less than easy to create an envi-
ronment where fusion processes can be sustained on a time interval compati-
ble with commercial power generation. Currently, two main paths towards
fusion on earth are being explored: inertial confinement fusion, where a
small pellet of fusion fuel is heated with high-intensity lasers and made to
implode, and magnetic confinement fusion. It is magnetic confinement fu-
sion with which we are concerned here.

In order to make fusion reactions happen, the fusion fuel has to be ex-
tremely hot (~100 MK, see section 1.3). At these temperatures, matter is in
the plasma state; atoms are split in ions and electrons, which due to their
electric charge can be kept in place in a magnetic field where they move
according to

mﬂ=Ze(E+v><z§) (1)
dt

where m is the particle mass, v the velocity, Z the charge, E the electric and
B the magnetic field [1]. The particles will gyrate along the magnetic field
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lines with a characteristic radius (Larmor radius) 7 (unit m) and cyclotron
frequency @, (unit rad/s):

mv,

v, = 2

b ZeB @
ZeB

w =22 (3)
m

Fusion reactions are taking place in magnetic confinement research sys-
tems all over the world, though none with net energy production. In the EU,
some 20 machines are currently being operated, e.g. Tore Supra in France
and TEXTOR in Germany. The flagship device of the EU is the Joint Euro-
pean Torus, JET, where this work was carried out. JET is an example of a
tokamak device (Figure 1).

Poloidal Plasma
field electric current

Toroidal

field

Resultant helical field
(Pitch exaggerated)

Figure 1. Schematic of a tokamak magnetic confinement fusion device, with poloid-
al, toroidal and resultant helical magnetic fields indicated. Figure: JET-EFDA.
Courtesy of JET-EFDA. (Color online)

The tokamak is in the shape of a torus, with poloidal (from the current in-
duced through the plasma) and toroidal (from fixed field coils) magnetic
field components resulting in helical magnetic field lines around the device.
The tokamak is so far the most successful magnetic confinement system, and
the road map towards commercial magnetic confinement fusion includes a
new tokamak device, ITER, currently under construction in southern France.
ITER is a collaboration between the EU, Russia, South Korea, China, Japan,
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India and the US. The plan is that with ITER, the viability of fusion as an
energy source will be proven — but also ITER will not be used for energy
production. This step will be taken in a later device, DEMO, where the con-
cept of a fusion power plant will be demonstrated.

The JET tokamak has a major radius of about 3 m and a plasma volume
of 90 m’. It is divided in eight equal sections, or octants, with octant num-
bers used to define the position of any auxiliary diagnostic or heating sys-
tems surrounding the machine. A divertor at the tokamak bottom removes
heat and exhaust from the plasma in a controlled way. ITER, with a similar
basic structure, will have a major radius of 6.2 m and a plasma volume of
about 830 m’ [2].

As a means of measuring the progress in the fusion field, the Q value of a
fusion experiment has been introduced, defined as the power released in the
fusion reactions (Po,) divided by the power fed to the plasma through the
auxiliary heating systems (Pj,). The current world record of 0=0.67 was
reached at JET in 1997; ITER is foreseen to reach 0=10.

1.2 Fusion reactions

In order for a fusion reaction to work in a power plant, a couple of condi-
tions have to be fulfilled: The energy release must be positive (exothermic
reaction) and preferably large, and the cross section for the reaction must be
high for the relevant reactant energies. In the stars, it is mainly protons (H)
that undergo fusion. However, the cross section for such proton reactions is
too low under conditions achievable on earth. In Table 1, a number of reac-
tions of relevance for fusion reactors are listed.

Table 1. Fusion reactions of reactor relevance.

D+T — ‘He+n+17.6 MeV (i)

D+D — He+n+327 MeV  (ii)
D+D—>T+H+4.03MeV (iii)

D+°He— *He+ H +18.4 MeV (iv)

The most promising reaction is (i), between two other isotopes of hydrogen,
deuterium (D) and tritium (T). This reaction has a high energy release com-
bined with high cross section. Another property of the D+T reactions is that
both a charged particle and a neutron are produced. Power plant concepts
based on the reaction exploit this property. The charged ‘He ion is envi-
sioned to stay confined in the reactor, transferring its kinetic energy back to
the plasma thus keeping it hot, while the neutron, being neutral, will escape
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the magnetic field and transfer its energy to the outside of the vessel where it
can be harnessed.

The first commercial fusion power plants are foreseen to run with DT
fuel. However, tritium suffers from the drawback of being radioactive and
not readily available on earth; in the fusion power plants, it is planned to be
bred from lithium in the reactor walls. In today’s research reactors, pure
deuterium fuel is more commonly used. There are two branches of the D+D
reaction with approximately equal branching ratio, (ii) and (iii). Reaction (ii)
is similar to the D+T reaction and D+D results can be used to infer proper-
ties of D+T fusion. Also, T is produced in (iii), which means there will al-
ways be some D+T reactions taking place even in a pure D plasma. The neu-
trons from such deuterium plasma D+T reactions are referred to as triton
burn-up neutrons (TBN). JET operates routinely with D and is the only mag-
netic confinement fusion reactor in the world currently capable of running
with DT fuel.

Neutrons are produced in both D+T and D+D (branch ii) fusion reactions.
The flux of high energy neutrons from a fusion reactor leads to some in-
duced radioactivity in the surrounding structures. There are scenarios where
it can be beneficial to create a fusion plasma with a fuel that does not pro-
duce neutrons. ITER is planned to start operation with such so-called non-
activating plasmas [2,3,4], to check the operational limits and safety systems
before certification as a nuclear facility. Non-activating plasma fuel consists
of protons or helium ions. After certification, ITER will move on to D fuel
and finally to DT operation.

In addition to D and T, small amounts of H, *He or *He are commonly
added to the JET plasma to change the scenario or plasma heating properties.
JET has also been run with mainly H or *He fuel. Since intrinsic heating
from *He particles from reaction (i) will eventually provide the main means
of heating the plasma, the behavior of *He in the plasma is an important sub-
ject of study. Fusion reactions between D and *He create fast “He and H (iv),
which facilitates this type of study.

The mentioned H, D, T, *He and “He can all be used as fuel ions. Also
impurities will always be present in a tokamak plasma. Impurities are com-
monly vessel wall constituents that enter the plasma after being knocked out
from the wall. The dominating plasma impurity at JET today is carbon (C),
since JET is operating with a C wall and divertor. A beryllium (Be) wall and
tungsten (W) divertor are under installation at JET and the plasma-facing
material at ITER will be mainly Be. This means Be can be expected to take
over as the main plasma impurity in the future. In paper VI, we find that on
JET, Be can react with fuel ions to produce neutrons on a level observable
with TOFOR. This could have implications for the non-activated phase of
ITER. We explore the level at which neutrons will be created during the
ITER non-activated phase in paper VII.
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The rate R of fusion reactions of a certain type that takes place in a plas-
ma is given by the product of the densities of the reactants and the reactivity
of the reaction according to

R. = nn.<ov>, 4)
) [ ij
1+6,

where ¢; is the Kronecker delta, i=j — &; =1, i — & =0. The reactivity
<ov> is the product of the energy dependent cross section and the relative
velocity of the reactants, integrated over the reactant velocity distributions.
In Figure 2, the reactivities for D+T—ortn, D+D—’He+n/H+T,
D+He—o+H, D+Be—''B*+n, *Het+’Be—''C*+n, o+'Be—'°C*+n and
H+’Be—’B+n reactions are shown, given reactants that are Maxwellian dis-
tributed with temperature 7=T; (7; is the ion temperature). As can be seen,
the reactivity at lower temperatures is highest for the D+T reaction at about a
factor 100 above the D+D reaction. At temperatures in the MeV range, also
reactions between fuel ions and *Be need to be taken into account, as dis-
cussed in papers VI and VII.

102 E
w2 107 )
E
A [ 7
B 10% - K
v E
10_2 ? ///
10% | . Al i
1 10 10? 10°
T [keV]

Figure 2. Maxwellian reactivities for the d+t—ao+n (black), d+d—’He+n/p+t
(dashed black), d+’He—ar+p (cyan), d+°Be—'"B*+n(red), *He+’Be—''C*+n
(blue), a+’Be—">C*+n (magenta) and p+°Be—’B+n (green) reactions.
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1.3 Plasma heating

From Figure 2 it is obvious why the fuel needs to be hot in order for the
reactions to take place; the reaction probability is simply too low to be feasi-
ble for cold reactants. 10 keV (~100 MK) is considered the limit where it
starts to become possible to produce more energy than is needed to make the
fuel ions react. The current induced through the tokamak plasma to create
the poloidal component of the magnetic field also provides basic plasma
heating through induction. This is commonly referred to as ohmic heating.
However, the plasma resistivity decreases with increasing temperature, im-
posing a limit on the temperatures reachable through such heating. At JET,
this limit is 2-3 keV [5].

To reach higher in temperature, auxiliary heating systems such as neutral
beam injection heating (NB), ion and electron cyclotron resonance frequency
heating (ICRH/ECRH) and lower hybrid cyclotron heating (LHCD) are
used. At JET, NB, ICRH and LHCD systems are operated; at ITER, also
ECRH will be of importance. Charged fusion products that stay confined in
the magnetic field will also contribute to plasma heating as they transfer
their kinetic energy through collisions with plasma electrons and ions (in-
trinsic heating). In a future burning plasma, this intrinsic heating will provide
the bulk of the heating power needed to run the reactor.

In a plasma heated through ohmic heating only, the fuel ions are Maxwel-
lian distributed (Figure 3).

100

10M

f [au]

10—15 -

10"

1 l LN\ | l y - l 1
008 0.1 0.12
E [MeV]

! ! ! ! ! ! Ll

1 l 1
0.18 0.2

1 l 1 1 l 1 1 l 1 1 l 1 1 l 1
0 0.02 0.04 0.06 0.14 0.16

Figure 3. Maxwellian distribution as a function of particle energy for a 10 keV’
plasma.
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The applied heating creates populations of fast ions in the plasma, changing
the velocity distributions of the reactants and thus the reactivity as well as
the energy carried by the reaction products.

For this thesis, we are mainly concerned with intrinsic heating and the NB
and ICRH auxiliary heating systems.

1.3.1 Neutral beam heating

In neutral beam heating, ions are accelerated to high energies and subse-
quently neutralized in a charge-exchange target so that they can penetrate the
magnetic field to enter into the plasma. In the plasma, they re-ionize and
transfer their energy in a slowing down process through collisions. Electron
collisions dominate above the critical energy and ion collisions below the
critical energy. The distribution of neutral beam heated ions in a plasma will
thus exhibit a typical shape with an edge at the injection energy and a slow-
ing down tail towards lower energies, which can be approximately described
as [6,7]

const

f(v)z v3+vé
0 V>V

inj

inj

)

where v, is the critical velocity given by

23 1/3
v, = 2(3\/;] (mb””‘] My T, /m, . (6)

4 m my, i

e

T. is the electron temperature and m., mg and my, the masses of electrons
and beam and bulk ions, respectively.

At JET, positive ions are accelerated to 80 or 130 keV before injection in
the plasma; at ITER, the plan is to accelerate negative ions to 1 MeV. The
JET NB system consists of two injector boxes (in octants 4 and 8) each with
eight positive ion neutral injectors (PINIs). The PINIs have different align-
ment so that ions can be injected “normal” or “tangential” to the magnetic
field and on or off axis. This characteristic of the JET NB system was seen
to affect the results in paper IV.

In simulations aimed at approximating the neutron energy spectrum or
expected neutron rates from NB heated pulses, we use a more complex solu-
tion to the Fokker-Planck equation than that given in equation (5) [7]. Figure
4 shows an example of such an NB distribution for 130 keV deuterium
beams at JET, compared with the simplified distribution from equation (5).
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The slopes of the two distributions follow each other rather closely. Howev-
er, the complex solution has the additional features of a sink at low energies
(T=3 keV in this example) below which the beam ions are assumed to have
left the population, and a tail towards energies above the injection energy.
This tail is the result of electron diffusion, i.e., the beam population is broa-
dened in energy due to collisions with bulk electrons.

r \
102 o~
10° g
=) H
|£| H
Y 10—4 -
10° B
10_6 I 1 1 1 1 l 1 1 1 1 l 1 1 l 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
E [MeV]

Figure 4. Analytical slowing down distribution for 130 keV deuterium ions injected
into a 3 keV plasma with electron density n,=3.0x10" m™ (solid black), and a sim-
plified distribution calculated according to equation (5) (dashed red). (Color online)

In Figure 4, all ions are assumed to be injected with the same energy. In
reality, the beam population at JET will contain a fraction of ions injected at
1/2 and 1/3 the nominal injection energy due to acceleration of gas mole-
cules in the beam.

In fusion research, NB heated discharges are commonly modeled using
the well-established TRANSP code [8].

1.3.2 Intrinsic heating

The distribution in the case of intrinsic (fusion product) heating will be simi-
lar to the neutral beam heating case, only with a different source term. The
source here is the fusion reactions. Fusion products will be produced in an
energy spectrum depending on the velocity state of the fuel ions. This source
distribution will then follow the same slowing down process as the injected
beam ions. As an example, the o source term from reactions between Max-
wellian distributed D and T ions in a 10 keV plasma is shown along with the
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resulting slowing down distribution in Figure 5. Another example can be
found in paper VI, where o source terms and slowing down distributions
from Maxwellian *He populations reacting with 5 keV bulk D populations
according to reaction (iv) above are illustrated. Note that the different reac-
tant distributions lead to very different source term shapes in the two cases.
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Figure 5. Alpha source term (dashed blue) and slowing down distribution (solid red)
from reactions between Maxwellian distributed D and T in a 10 keV plasma with
electron density n,=1x10°" m™. (Color online)

1.3.3 Radio frequency heating

During the work with this thesis, it has become clear that TOFOR can make
important physics contributions in JET experiments heated with ICRH. Pa-
pers IV, V and VI all involve analysis of radio frequency (RF) heated JET
discharges. Paper VII concerns simulations of neutron spectra from RF
heated ITER discharges. RF heating is a diffusive process in which the ions
are gradually accelerated to higher energies through energy transfer from
wave to ion. The diffusive heating is balanced by fast ion slowing down as
described above in the cases of NB and intrinsic heating; the slowing down
time will characterize the formation of the high-energy tail [9].

The cyclotron frequency @, of the ions is proportional to their charge-to-
mass ratio as described in equation (3). RF waves with frequency @ can
couple to different harmonics of the ion cyclotron motion according to
w=na,, where n is the harmonic number. The resonance frequencies for D
and o will coincide at the same harmonic since the charge-to-mass (Z/m)
ratio is the same for the two ions, while the fundamental resonance of H
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coincides with the 2™ harmonic resonance of D, and fundamental *He with
2" harmonic T. The position of the RF resonance layer in the tokamak plas-
ma, R, will depend on the wave frequency and the magnetic field of the
plasma. The magnetic field at R, can be approximated as B=ByRy/R, Where
By is the field at the magnetic axis located at Ry, giving

nZeB,

R, =R,
2Tma

[0

(7)

(for wgiven in Hz).

Heating at the fundamental harmonic (#=1) is most efficient for a popula-
tion of minority ions in the plasma [10] and is at JET frequently applied to H
or to “He added to the bulk deuterium population in small amounts (as dis-
cussed in e.g. [11], where a survey of (*He)D experiments at JET is given, or
[12], discussing TOFOR measurements during (‘He)D mode conversion
experiments). Paper VI presents results from minority *He experiments.

Higher (n#1) harmonic heating couples preferentially to high energy ions
[10]. For this reason, 2™ or 3™ harmonic RF heating is frequently applied to
a seed population of NB injected ions (papers IV and V).

The efficiency of the wave-particle coupling depends on the plasma sce-
nario and what species compete for the coupled power. In [13], the power
partition between different species for varying ICRH wave frequencies for
the ITER DT phase of operations is analyzed. It is found that the best heating
efficiency would be achieved if the plasma is seeded with *He and absorp-
tion at the fundamental *He frequency dominates, with competing electron
and 2" harmonic T absorption.

In paper VII, Stix’s steady state solution to the Fokker-Planck equation
[6,7] is used to approximate the complex form of the RF heated ion velocity
distributions. Figure 6 shows example distributions for fundamental (5% *He
in D plasma), 2™ and 3™ harmonic (1 MW, 93 keV *“He beams in “He plas-
ma) heating.

In Stix’ formulation, the effect on the distribution of the finite Larmor ra-
dius (FLR) of the gyrating ions will be taken into account through the RF
diffusion operator (Dgg). In [14], it is shown that there will be an electron
density (n.) and magnetic field (B) dependent cut-off in the distribution due
to the shape of Dgr. This FLR effect and its dependence on #. is reproduced
in TOFOR data as shown in paper V. Not taken into account in Stix’ formu-
lation is e.g. power partition between different plasma species and mode
conversion effects. Mode conversion means that the fast wave providing the
resonant heating is converted to a different type of wave (see e.g. [15] and
references therein). In [15], JET experiments in H plasmas show that at a
minority concentration of about 2% *He, mode conversion heating takes over
from minority fundamental RF heating and no fast *He tails are formed. This
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will affect which of the distributions used to estimate the neutron rates from
zero-activation ITER plasmas in paper VII are actually physically possible.
Mode conversion can also have an effect in (3He)D plasmas, as will be dis-
cussed in section 5.2.
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Figure 6. Stix distributions for fundamental RF heating of a 5% *He minority in a D
plasma (solid black) and 2" (dashed blue) and 3™ (dash-dot red) harmonic RF
heating on 1 MW *He beams in a *He plasma (assuming Epean=93 keV, T,=5 keV,
n,=5x10" m> and B;=2.3 T). (Color online)

RF heated discharges are commonly modeled using tools such as PION [9]
or SELFO [16].

1.3.3.1 3" harmonic heating experiments

In paper V, TOFOR results from JET deuterium discharges heated with RF
tuned to the 3" harmonic D resonance with a D beam seed are presented.
These discharges are unique. 3™ harmonic deuterium heating was previously
tried at JET in the mid 90s, but then without NB seed (see e.g. ref 17). Also
at Tore Supra the scheme was tried without beam seed. A scheme with D
beam seed was applied at TEXTOR [18]. In Tore Supra, electron heating
was seen to dominate. At JET, a population of fast ions heated through the
3 harmonic scheme was slowly built up during the discharge. At TEXTOR,
with the beam seed, the scheme was seen to dominantly and effectively heat
the fast beam ions. These observations are in line with theory which predicts
that the efficiency of the 3™ harmonic coupling is quadratically dependent on
particle energy. The JET experiments studied in paper V were performed in
the summer of 2008. By then, coupling of 3" harmonic RF to ohmic plasmas
was prohibited at JET due to the risk of competing resonances at the plasma
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edge. A beam seed was used and the scheme was seen to be highly efficient
in producing neutrons, giving excellent statistics in the TOFOR data. This
can be understood by looking at the reactivity curves for the DD and DT
reactions in Figure 2. With 3™ harmonic heating, D ions are accelerated to
the MeV range, where the DD reactivity is comparable to the peak DT reac-
tivity. In fact, the number of fusion reactions per unit auxiliary power ap-
plied is among the highest in JET’s history.

3" harmonic acceleration of *He beams had been previously tried at JET
[19,20]. The scheme was again applied during a low-activation campaign in
the fall of 2009. A problem with this scheme is that the 3 harmonic D and
*He resonances compete at the same position R,,. Since JET routinely oper-
ates with D plasmas, it is hard to get a D-free ‘He plasma. *He and D absorp-
tion will compete even though no D beams are used. Some TOFOR results
from these recent 3™ harmonic “He experiments will be presented in section
5.4 of this thesis.

1.4 MHD effects

Magneto hydro dynamic (MHD) modes in the plasma are instabilities that
result from small perturbations in the magnetic field. Sawteeth, Alfvén Ei-
genmodes (AE) and fishbones are examples of MHD modes that interact
with fast ions in the plasma, causing redistribution or even loss of these fast
ions. Interactions between fast ions and MHD modes at JET are discussed in
[21]. It is important to understand how the instabilities affect plasma con-
finement, heating and fast ion dynamics, and to learn how to avoid instabili-
ties. TOFOR can contribute to the studies on interaction between fast par-
ticles and MHD activity as demonstrated in paper V and section 5.3.

Sawteeth occur in the plasma when the value of the safety factor (¢, num-
ber of toroidal over poloidal rotations around the torus) is less than 1 [5].
They are periodic relaxation oscillations in the center of the plasma, with
each sawtooth crash changing the magnetic topology. The oscillations are
visible in measured temperature and density profiles, and also in other diag-
nostics such as measured fast ion signals. The presence of fast ions can sta-
bilize the sawtooth behavior increasing the period between sawtooth crashes
and thus creating a so-called monster sawtooth. Monster sawteeth have been
observed with TOFOR as described in paper V.

Alfvén Eigenmodes are related to Alfvén (hydromagnetic) waves in the
plasma. Alfvén waves are low frequency oscillations (@w<<a.) along the
magnetic field, travelling along the magnetic field line with speed
va~B/(1op)'* (Alfvén speed, s, constant, p mass density) [1]. Toroidal
Alfvén Eigenmodes (TAE) are shear Alfvén waves which resonantly interact
with fast ions with speeds close to the Alfvén speed. Tornados are core-
localized TAEs [22]. Fast ion speeds close to the Alfvén speed is a require-
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ment for resonant AE interactions to take place. Since the Alfvén speed is
proportional to the magnetic field B, high-field devices such as JET require
high-energy ions for AEs to occur. This means at JET, ICRH ions are needed
for interaction, while at smaller machines super-Alfvénic speeds can be
reached with NB injected ions.

MHD modes in tokamaks are commonly diagnosed using arrays of exter-
nal magnetic pick-up coils (Mirnov coils) registering fluctuations in the to-
roidal magnetic field [23]. From the collected data, frequency spectrograms
are constructed that show oscillations of varying frequency of the magnetic
field lines. Such spectrograms are compared with TOFOR data from 3™
harmonic ICRH discharges in paper V.
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2 Plasma diagnostics

The first principle [of science] is that you
must not fool yourself — and you are the
easiest person to fool.

Richard Feynman

Diagnostics are an essential part of magnetic confinement fusion research.
The purpose of diagnostic measurements is to understand, control and im-
prove the fusion environment to make it possible to realize the goal of com-
mercial energy production from fusion in the future. There are numerous
diagnostic systems connected with each fusion research machine to deter-
mine the magnetic field and currents, the plasma shape, electron, fuel ion
and impurity densities, temperatures, total impurity content, produced fusion
power, plasma-wall interaction effects, modes in the plasma etc. Work is
ongoing to determine what diagnostics are needed for ITER; in [24], some
45 diagnostic systems are identified as necessary for machine protection,
plasma control and physics evaluation.

This thesis has been mainly concerned with neutron diagnostics. A sub-
section below is dedicated to discussing neutron diagnostics in some detail.
Neutron spectrometry in particular has turned out to be useful as a tool for
diagnosing confined fast ions. An introduction is given to the topic of fast
ion diagnostics to put this work in perspective.

2.1 Neutron diagnostics

There are two main advantages to using neutrons to diagnose a fusion plas-
ma. Firstly, they are created in the reactions between fuel ions, which means
they will carry direct information about the fuel ions. Secondly, they are
neutral, which means they will escape the magnetic confinement and can be
used as an external probe of internal conditions. Neutron diagnostics are
non-intrusive and require no direct contact with the harsh plasma environ-
ment. For this reason, they are foreseen as one of few diagnostic methods
that will be relevant also for DEMO [25]. Neutrons are emitted both in D+T
reactions (with nominal energy of 14 MeV) and D+D reactions (2.5 MeV).
Neutron diagnostics can be divided in three principal categories: flux
monitors, emission profile monitors and neutron spectrometers (see e.g. ref
26). Flux monitors measure the neutron emission rate. Since the neutrons are
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emitted in the fusion reactions, this rate will be directly related to the fusion
power produced in the reactor. Monitoring of the neutron emission rate is
required for regulatory purposes. Because the high-energy neutrons cause
activation of the structures surrounding a tokamak, the number of neutrons
produced is strictly controlled. At JET, the main neutron flux monitor diag-
nostic is the fission chambers (KN1, [27,28]), cross-calibrated using activa-
tion foils (KN2, [29,30]). There are also silicon diodes used for 14 MeV
neutron flux measurements (KM7, [31]).

Neutron emission profile monitors (also called cameras) measure the spa-
tially resolved neutron emission. The JET neutron profile monitor (KN3,
[32]) has 10 horizontal lines of sight and 9 vertical, covering the plasma in
the poloidal plane.

Neutron spectrometers aim at measuring the energy distribution of the
emitted neutrons along their line-of-sight, so-called neutron emission spec-
trometry (NES). However, since neutrons are neutral, their energy cannot be
measured directly. Techniques used are reviewed in e.g. [33,34]. Four main
schemes can be identified that have been pursued to measure neutron energy
spectra in fusion research: (i) neutron-induced nuclear reactions, with mea-
surement of the energy of the charged reaction products, (ii) neutron scatter-
ing, with measurement of the energy of the charged recoil nucleus, (iii) mea-
surement of the neutron velocity and (iv) threshold reactions (see e.g. [30]),
where the neutron energy is inferred based on its ability to induce nuclear
reactions with set energy thresholds.

Examples of systems operating based on scheme (i) are e.g. semiconduc-
tors and *He ionization chambers. In diamonds [35], the energy deposited by
the reaction products from '*C(n,01)’Be are measured. *He ionization cham-
bers, measuring the energy of the *He(n,p)T products, have been extensively
used (see e.g. [26, 36]), but their applicability is limited by their restricted
count rate capability [33].

Various types of spectrometers make use of neutron scattering reactions
according to scheme (ii). Commonly, n,p (or #,d) scattering with detection of
the scattered proton (or deuteron) is used. Assuming m,=m,, the energy of a
recoil proton will be related to the energy of the neutron according to

E, = Encos®6 (8)

where @ is the scattering angle. A conceptually simple way of implementing
the n,p scattering technique is the use of a single scintillator placed in the
neutron beam from the plasma, e.g., stilbene [37] or an NE213 liquid scintil-
lator [38]. The implementation of such a system is straightforward, relatively
cheap and requires little space. However, only the energy of the recoil par-
ticle is measured. Depending on the scattering angle, this energy can corres-
pond to a number of different incident neutron energies, making the meas-
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ured spectrum difficult to disentangle to be able to draw conclusions on the
spectrum of incident neutron energies. More designed systems have been
conceived where also the scattering angle is accounted for, e.g., thin-foil
proton recoil systems. Such instruments will have a peaked response func-
tion that makes the disentangling easier. The recoil protons from scattering
in the foil of a thin-foil proton recoil spectrometer of telescope type [39,40]
go on to be detected in a AE/E detector (e.g., a silicon semiconductor) if
emitted at a certain angle 6. In a magnetic type thin-foil proton recoil spec-
trometer such as the MPRu at JET [41], protons scattering in a narrow angu-
lar interval A6 are momentum-separated in a system of bending magnets to
determine their energy distribution. They can subsequently be detected us-
ing, e.g., plastic CR-39 [42], semiconductors or scintillator detectors.

TOFOR is an example of a time-of-flight system, where the neutron ener-
gy is inferred from its velocity according to scheme (iii). The neutrons are
detected through #n,p scattering in two detector sets placed at a set distance
and angle from each other. The neutron energy can be deduced from the
time-of-flight of the neutrons between the two detector sets. TOFOR is de-
scribed in detail in paper II and section 4. Time-of-flight spectrometers have
been used before, both at JET and JT60-U (see e.g. [26,43] and references
therein).

A few parameters can be identified that determine the performance of a
neutron spectrometer: efficiency, resolution, dynamic range (neutron flux
range over which the instrument is able to operate without saturation), ener-
gy bite (energy range covered by the instrument), calibration stability and
knowledge of the instrument response function. High efficiency is crucial
since the ability to do advanced analysis is directly related to the statistics in
the data. Often, a balance has to be struck between the competing require-
ments of efficiency, resolution and practical constraints, as discussed in the
case of TOFOR in paper II. The relative merits of the systems mentioned
here in terms of these parameters is discussed in e.g. [26,33].

Neutron spectrometry will be further discussed in a dedicated section be-
low (section 3).

2.2 Fast ion diagnostics

Heating in all processes described above involves energy transfer to the bulk
plasma in the slowing down of a population of fast ions, injected through
neutral beam injection, fusion-born or created through coupling of radio
frequency waves to the plasma. In order to achieve the goal of efficient fu-
sion power production, it is crucial to confine these fast ions long enough for
them to heat the plasma. This motivates a strong interest in fast ions and a
whole field of diagnostics is dedicated to the study of confined and lost fast
ions. It is important to understand the mechanisms that affect the confine-
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ment of the fast ions; besides classical losses due to e.g. diffusion, finite
orbit width and machine size, also interaction with MHD activity in the
plasma has been seen to play a role.

Confined fast ion diagnostics in use at JET are besides NES also Neutral
Particle Analyzers (NPAs) and y measurements. These techniques can all be
used to study fast ions in the MeV energy range. NES is the subject of this
thesis and the NPA and 7y diagnostics will also be discussed in some detail
below. Collective Thomson Scattering (CTS, see e.g. [44] and references
therein) and Fast lon D(Alpha) (FIDA, [45,46]) are other examples of con-
fined fast ion diagnostic techniques. In CTS, fast ions are diagnosed through
studying their impact on the surrounding electron population. The collective
motion of the electrons in the wake of a fast ion is deduced through studying
the scattering of microwaves injected into the plasma using a gyrotron. CTS
can also be used to study fast ions in the MeV energy range. The FIDA tech-
nique involves measurement of the Doppler-shifted wings of the light emit-
ted in neutralization of fast ions around a neutral beam injected into the
plasma. It is most useful in the tens of keV energy range due to the energy-
dependence of the charge exchange cross section.

Examples of lost fast ion diagnostics are scintillator probes and Faraday
cups. JET has a scintillator probe and an array of 5 Faraday cups installed to
study fast ion losses [47].

2.2.1 Gamma-ray diagnostics

Gamma-ray diagnostic measurements involve the detection of y released in
reactions between fuel ions and plasma impurities such as '*C or *Be [48].
The technique is well suited for measurements of fast ions in the MeV ener-
gy range because the cross-sections for the y releasing reactions involved are
high in this energy region. For diagnosis of fast D at JET, the reaction
12C(d,p)"*C* is useful. "*C is the most common impurity at JET because car-
bon is the material used in the plasma-facing components. *He and *He are
more easily diagnosed through their interactions with *Be. This impurity is
not abundant at JET and Be seeding is often undertaken before fast ion expe-
riments to improve the experimental conditions for the y diagnostics. The
experiment studied in paper VI involved Be seeding, and results from mea-
surements of ¥ from *Be(*He,n)''C* are also used in this paper to verify the
presence of fast *He ions in the plasma. In paper VI, we conclude that also
the neutrons from the *Be(*He,n)''C* reaction can be observed. This opens
up for the possibility of comparing TOFOR and v results from future expe-
riments with better statistics involving this reaction or ‘Be(*He,n)'*C*.

The gamma-ray diagnostics can be divided in two categories: tomograph-
ic measurements [20] and spectroscopy [48]. At JET, the neutron camera
system can also be used as a Yy camera for tomographic measurements of the
Y emission. So far, this has been most successfully done if special Csl crys-
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tals with higher vy detection efficiency are placed in front of the normal neu-
tron detectors in each channel, but the neutron detectors themselves (NE213)
are set up to be usable also for y detection.

JET has two sight lines for y emission spectroscopy: one tangential, with a
BGO spectrometer, placed in the torus hall, and one vertical. The vertical y
spectrometer is placed in the roof laboratory at JET, in the TOFOR line of
sight, about 3 m further away from the torus. Currently there are three differ-
ent systems for use in this line of sight, placed on an automated slider for
easy switching between the systems. These are an old Nal(Tl) system with
good efficiency but relatively poor energy resolution, a new LaBr system
with intermediate energy resolution and efficiency and a high-purity Ge de-
tector (HPGe) with excellent energy resolution but relatively poor efficiency.

2.2.2 Neutral Particle Analyzers

Neutral Particle Analyzers (NPA) work on the principle of detecting neutra-
lized plasma ions that escape the magnetic confinement [23]. From the ener-
gy distribution of the detected escaping atoms, the energy distribution of the
fuel ions in the plasma can be derived. The interpretation of the measured
distribution of the neutral atoms requires different atomic processes to be
taken into account, such as electron and ion impact ionization (loss term),
electron radiative recombination (source term), and charge exchange with
both main fuel ions and impurities (both a loss and a source term of neutrals)
[23]. To correctly model these processes a good knowledge of the tempera-
ture and density profiles of all the species involved is necessary. The density
profiles of the neutral particles are particularly difficult to measure and in-
stead estimates based on Monte Carlo transport simulations or fluid models
are used. Additional complications arise in the presence of NBI heating as it
provides an additional source of "warm" neutrals along the beam path and an
increased presence of impurities in the plasma with which the neutrals can
interact.

JET has two NPAs, a low energy NPA (KR2 [49]) with a radial view of
the plasma, and a high energy NPA (KF1 [50]) with a vertical view of the
plasma at R = 3.14 m, both in octant 4 with a view of the beams injected
through the octant 4 beam box. Each system can be set to detect H, D or *He
neutrals. Paper IV presents a cross-validation study of deuterium distribu-
tions derived from TOFOR and KF1 data at JET. The two instruments are
based on different physical principles and modeling has been derived inde-
pendently in the two cases. The model used for KF1 at JET is described in
[51]. In paper IV, we confirm a qualitative agreement between the results.
The paper was written as the result of a pre-study for a dedicated experiment
proposed, planned and accepted to be run at JET to further cross-validate the
measurements from the two instruments. Unfortunately, the experiment had
to be cancelled at the last minute due to problems with the liquefier used to
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produce liquid “He for regeneration of the cryopumps, and could not be re-
scheduled before the current (2009-2010) shutdown.
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3 Neutron spectrometry

Life will become harder for theorists because
the diagnostics are getting better.

Philip Lauber, theoretical summary, IAEA
TM on Energetic Particles, Sept 2009

As described above, neutron spectrometers aim at deducing the energy spec-
trum of neutrons emitted from the plasma. Since the neutrons are born in reac-
tions between fuel ions, the velocity states of the fuel ions will affect their
kinetic energy. Hence, the neutron energy distribution contains information
about reactant distributions and fuel ion velocity distributions can be obtained
from neutron spectral data. In this chapter, the physics of how ion distributions
manifest themselves in the neutron spectra is reviewed. Practical examples of
how model neutron spectra are derived using the Monte Carlo code Control-
Room are presented, and the impact on the measurements of scattered neu-
trons is discussed. Finally, methods used to deduce the neutron energy spectra
and fuel ion distributions from the measured data are described. In the first
section, a brief sketch of the development of neutron spectrometry is given; it
is in no way to be viewed as the complete history of this diagnostic field.

3.1 Background

Neutron spectrometry was first proposed as a tool for diagnosing ion veloci-
ty distributions in fusion plasmas by Lehner and Pohl in 1967 [52]. In their
paper, Lehner and Pohl examine the non-relativistic kinematics of how neu-
tron energies relate to ion energies and derive the neutron spectrum for some
example distributions. They find e.g. that the width of the (Gaussian) peak in
the neutron spectrum, AE,, from reactions between Maxwellian distributed
ions is related to the Maxwellian temperature according to

AE, = 82.5VkT )

for DD reactions (AE,' and kT in keV), and also that the peak will be dis-
placed towards higher energies as the plasma temperature increases. Lehner
and Pohl conclude that it would be useful to use neutron spectrometry to
derive information on the fuel ions, and that this is also already being tried.

' AE, is the full width at half maximum (FWHM) of the peak
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Lehner and Pohl’s derivation is updated and revised by Brysk [53] in 1975.
Brysk concludes that the peak broadening due to temperature should be re-
solvable in the neutron spectrometers available at the time but that the peak
displacement will be more difficult to detect. The measurements could, he
claims, be used to determine the plasma temperature if the plasmas are
roughly Maxwellian, or to “identify non-thermal conditions” if they are not.

Measurements of the spectrum of neutrons from DD reactions at the Alca-
tor C tokamak in the early 1980s are reported in [36]. The authors are able to
show that the neutron spectrum from high-7; discharges is different from that
from low-T; discharges. They use the Cash method [54]* to fit a Gaussian to
their measured neutron peaks. Reference is made to 1977 measurements at
the Princeton Large Torus where the signal spectrum was obscured by back-
ground neutrons. The authors show an improvement in the results compared
to these old measurements due to the higher plasma density at Alcator C.
Still, also in the newer measurements, 169 low-7i and 38 high-7i pulses have
to be summed to perform the analysis. Here, one of the main limitations of
neutron spectrometry becomes apparent; the results can never be better than
the neutron rates available because this puts a definite limit on the statistics
achievable in the measurement.

JET started operation in 1983. Around this time, also other larger ma-
chines were appearing at which significantly higher rates of neutrons were
produced. Higher precision neutron spectrometry measurements now started
to be possible. In a paper on neutron spectrometry results from JET from
1993 [55], the focus has shifted from determining the average temperature of
169 pulses to describing the spectrum from one pulse (measured by a time-
of-flight spectrometer) in terms of thermonuclear, beam-thermal and beam-
beam contributions. It was also around that time (1992) that the idea of a
time-of-flight spectrometer optimized for high count rate, that was to mature
into the TOFOR project, was first presented [56].

In a review paper from 1994 by Jarvis [26], neutron spectrometry devel-
opments up to this time are summarized. Jarvis gives an overview of tech-
niques tried and shows some examples of recent results from JET. He makes
a couple of important points: (i) The energy resolution of the spectrometer
should be “rather less” than the thermal broadening of the spectral peak for
plasmas from a few keV and upwards. This does not mean that thermal
broadening below the resolution of the instrument cannot be measured; how-
ever, higher counting statistics and good knowledge of the spectrometer
resolution will be required. The TOFOR resolution is discussed in paper II.
(i) The temperature measured with a neutron spectrometer will depend on
the instrument line of sight and cannot be simply assumed to be representa-
tive of central plasma temperatures though the correction factor might be
small. Line-of-sight effects on temperature measurements in thermonuclear

% This method is used also in TOFOR analysis as will be further described below.
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plasmas are discussed in detail in [57]. (iii) Measurements of 2.5-MeV neu-
trons from DD reactions are complicated due to the interference in the spec-
trum of energetic neutrons from ICRF heated fast ions and plasma impuri-
ties. In our work with TOFOR, we have seen that this can be viewed not as a
problem but as an advantage, since this means neutron spectrometry can be
used to answer questions also about these fast ions and impurities, as exem-
plified in paper VI.

The MPR spectrometer, installed at JET in 1996, demonstrated the use-
fulness of neutron spectrometry to study DT plasmas during the 1997 JET
DT campaign. With the MPR, contributions to the spectrum from NB or
ICRF heated ions reacting with the bulk population (see e.g. refs 58 and 59)
as well as synergy effect from the two systems [60] could be isolated. A
contribution to the spectrum from reactions involving a population heated
through *He knock-on could also be established [61].

Neutron emission spectrometry has now turned into a high-precision mea-
surement technique. In a paper by Luigi Ballabio [62], earlier analytical neu-
tron spectrum results are compared with relativistic analytical and Monte
Carlo calculations. The conclusion is that the relativistic approach is needed
to reproduce the measured thermal peaks from especially DT reactions in
warm plasmas to the required accuracy (example: relativistic DT E,=14.021,
non-relativistic £,= 14.041 MeV). Ballabio also gives interpolation formulas
for the mean energy and width of the thermal neutron peaks in the range
0<Ti<100 keV (previous interpolations were only available up to 20 keV).

In Ballabio’s non-relativistic formulation [62], the energy of a neutron (or
other particle) emitted in a two-body fusion reaction can be written

2 2
E, =lm3v§M+—m4 (Q+K)+v,, cos8| 2™ (0+K)
2 my+m, my+m,
1
K=—uv
2/'1 rel

(10)

where subscripts 3 and 4 identify the two reaction products, m the masses, O
the nominal energy release in the reaction (not to be confused with
O=P,./P;, as introduced in section 1.1), x the reduced mass, vey and vy
center-of-mass and relative velocities, respectively, and € the angle between
vem and the emission direction. The distributions of the reacting ions affect
the probability to find reactants in different velocity states, which will affect
the values of vcu, vier and 6. This means that the neutron energy spectrum in
the solid angle €2 is obtained from integrating over the reactant velocity dis-
tributions according to
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where f; and f; are the reactant distributions, dthe Dirac delta function and o
the cross-section, dependent on energy and angle.

3.2 Neutron spectrum simulations using ControlRoom

The theoretical neutron spectrum at a set viewing angle from reactions be-
tween ions from two arbitrary velocity distributions f; and f; can be obtained
by solving equation (11). The solution requires knowledge of the energy-
dependent cross-section of the reaction and the equation is, depending on the
complexity of the distributions involved, most conveniently solved using
Monte Carlo methods. In this thesis, the Monte Carlo code ControlRoom has
been used.

ControlRoom was developed by Luigi Ballabio based on the theory as
outlined in [62], and first used (in an early form) to predict the ‘He knock-on
contribution [63] which was later observed with the MPR [61]. This experi-
mental observation of a predicted subtle effect serves as a solid benchmark
of the code. ControlRoom samples given velocity distributions, energy and
pitch angle ranges for the reacting ions and calculates the neutron spectrum
at a viewing angle selected by the user based on equations (10) and (11). The
pitch angle € is the angle of the particle velocity relative to the magnetic
field, i.e.,

i
cosf@ =—-. (12)

i

The absolute emission rate as a function of energy is determined as in equa-
tion (4), combining the spectral information from equation (11) with given
population densities. ControlRoom does not take density and temperature
profiles into account and makes no line-of-sight integration.

Figure 7 shows example neutron spectra (normalized to their peak values)
from ControlRoom at 90° viewing angle to the magnetic axis for JET heat-
ing conditions. In the simulations, it is assumed that Ty, =3 keV,
n=3%x10" m> and Eican=110 keV. Reactions between ions from the isotropic
bulk population in thermal equilibrium lead to Gaussian neutron spectra
centered at 2.5 MeV; here, this is exemplified with the narrow Gaussian
from a 3-keV plasma.

Broader neutron spectra are obtained if auxiliary heating is applied. Reac-
tions between bulk ions and ions from the slowing down of the 110-keV
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beam used in this simulation give the double-humped (short-dash red) neu-
tron spectrum in the figure that extends between 2 and 3 MeV. Beam-beam
reactions give the dash-dot green spectrum, broadened in the region 2-
3 MeV and with a peak shift towards higher energies. Beams at JET are in-
jected at an angle around 60° to the magnetic field; this is taken into account
in the simulations by sampling the pitch angle range 50-70°.

RF heated ion populations typically cover wider energy ranges and lead to
broader neutron spectra. Here, this is exemplified with a spectrum from reac-
tions between a 300-keV Maxwellian and bulk ions (dotted magenta) and
reactions between bulk ions and ions from a theoretical distribution describ-
ing the application of Pgr=0.5 MW/m’to a 110 keV beam seed (long-dashed
blue). Since RF heating only affects the perpendicular velocity of the ions,
RF distributions are characteristically anisotropic with pitch angles close to
90°. In these RF simulations, a pitch angle interval 80-100° is sampled.
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Figure 7. DD neutron spectra obtained with ControlRoom for thermonuclear reac-
tions (solid black), beam-thermal reactions (short-dashed red), beam-beam reac-
tions (dash-dot green), a 300-keV Maxwellian population reacting with the thermal
bulk population (dotted magenta) and a theoretical distribution from 3™ harmonic
RF on D beam seed reacting with the thermal bulk (long-dashed blue). Note that the
distributions have been normalized to their peak values. (Color online)

In the analysis of TOFOR data, we have also found it useful to study the
imprint of reactions between mono-energetic deuterons and bulk deuterons
in the neutron spectrum (see e.g. papers IV and V). We call the theoretical
neutron spectra resulting from such reactions ¢ spectra. Examples of J spec-
tra are given in Figure 8.
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Figure 8. Neutron spectra from mono-energetic deuterons of 0.1, 0.3, 0.5, 0.7, 1.0,
1.5, 2.0, 3.0, 4.0 and 5.0 MeV energy reacting with deuterons from a 3-keV bulk
population, in order of spectral broadening. Note that the distributions have been
normalized to their peak values.

TOFOR views the plasma radially, with a viewing angle perpendicular to the
magnetic field. For anisotropic ion distributions, such as those described by
RF populations or by the slowing down population from beams, the viewing
angle will affect the shape of the recorded neutron spectrum. In Figure 9,
neutron spectra from beam-thermal reactions and from a 300-keV anisotrop-
ic Maxwellian reacting with the thermal population are shown both at 90°
(solid lines) and 45° (dashed lines) viewing angles. As can be seen, the ob-
servable spectra at 90° viewing angle are significantly broader than those at
45°. This of course means that the line-of-sight of the observing instrument
has to be taken into account in the analysis.

We use model neutron spectra such as the ones illustrated here to under-
stand, analyze and interpret measured TOFOR data. The spectra obtained
from ControlRoom are on a neutron energy scale. As described above, neu-
tron spectrometers do not directly measure neutron energy. To convert the
model spectra to a form understandable in terms of the measured parameters
(time-of-flight in the case of TOFOR) knowledge of the instrument response
function that relates the measured quantity to incident neutron energy is
needed. The TOFOR response function will be discussed in section 4.2.1 and
the models used to compare theoretical neutron spectra with measured data
in section 3.4 below.
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Figure 9. DD neutron spectra from beam-thermal reactions (red, narrow) and from
reactions between a 300-keV Maxwellian population and the thermal bulk popula-
tion (black, broad) at 90 °viewing angle (solid lines) and 45 °viewing angle (dashed
lines). (Color online)

3.3 Scattered and direct neutrons

An important complication in neutron emission spectrometry is that not only
neutrons emitted directly from the plasma in the direction of the detecting
instrument will be recorded, but also neutrons that have scattered off the
tokamak vessel wall into the line of sight. The scattered neutrons will be
energy degraded compared to the direct ones; in the scattering process, the
neutron will lose an energy

44 )
ER —W(COS H)En (13)

to the recoil nucleus [64]. Here, 4 is the mass of the target nucleus divided
by the neutron mass and @ the scattering angle. For a neutron spectrometer
with a fixed line of sight, mainly neutrons scattered at around 180° angles
(i.e., off the far wall) will be observed. For 6=180°, the scattered neutron
energy is
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E;catt = En (1 —ﬁ} . (14)

The scattered neutron spectrum will interfere with the measured direct neu-
tron spectrum and complicate the analysis. As demonstrated in paper 111, the
scattered spectrum needs to be known for accurate interpretation of the
measured data. In our work with TOFOR, the neutron transport calculation
tool MCNPX [65] has been used to simulate the scattered component. The
MCNPX simulations and results are discussed in detail in paper III. In Fig-
ure 10, the result from an MCNPX simulation for the TOFOR line-of-sight
at JET using a quasi-monoenergetic (£25 keV) 2.5-MeV neutron source is
illustrated. The source is placed in the JET torus and the spectrum deter-
mined at a location corresponding to the position of the primary TOFOR
detector. In the simulation for Figure 10, the neutron emission source profile
from JET pulse 73311 is used (see paper I1I for details).

107 direct ——

I scatter [au]

06 08 1 12 14 16 18 2 22 24 26
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Figure 10. Scattered (solid black) and direct (dashed blue) neutrons incident on the
primary TOFOR detector from a quasi-monoenergetic (2500125 keV) neutron
source placed in the JET torus as determined using the MCNPX code. (Color on-
line)

In the figure, the direct flux is represented by the dashed blue peak at
2.5 MeV and the scatter by the black curve. The error bars represent the sta-
tistical errors in each bin of the MCNPX simulation and are dependent on
the number of particles simulated (in this case 50x10°). Some features can be
identified in the scattered flux curve. Underneath the direct peak, a small
slightly down-shifted peak can be discerned — this can be interpreted as due
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to small-angle inscatter in the line-of-sight. At about 1.8 and 2.3 MeV, two
further peaks can be seen that represent scattering at around 180° (backscat-
ter) at the bottom of the JET vessel against carbon and nickel, respectively.
The small peak in the scatter component below 1 MeV represents scattering
involving the first excited state of Ni. The shape of the scatter component
has been found to be sensitive to the material composition used in the
MCNPX model (paper III) — this means that accurate analysis of the neutron
spectral data can only be performed if the viewing geometry and the in-
volved materials are sufficiently well known. The MCNPX model of JET
used incorporates information on the material composition of the vessel
walls obtained from the JET drawing office for maximum accuracy.

3.4 Analysis methods

As has been mentioned, neutron spectrometers do not measure the neutron
energy but a secondary quantity M related to the neutron energy spectrum £
through the instrument response function R according to RE=M. Retrieval of
E from M, assuming R is known, is not a straight-forward problem.
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Figure 11. Example of TOFOR analysis through response function inversion. Upper
panel: Original trop spectrum for JET pulse 73311 (rved curve), and tror spectrum
folded with R”, then back again with R (blue dots). Lower panel: E, spectrum from
folding the original trop with R (Color online)
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Inversion of R to get E=R’M does not work, as exemplified in Figure 11.
The expected neutron spectrum from the example TOFOR spectrum M in
the upper panel in Figure 11 (red curve, JET pulse 73311) is a superposition
of the dash-dot, short-dash and solid curves from Figure 7. Folding M., with
R yields the nonsense neutron energy spectrum E., in the lower panel.
However, folding E., with R nicely reproduces the original data (blue dots in
the upper panel) except in the region of low ¢, representing neutron ener-
gies not covered by the current R of TOFOR.

One approach to the problem is to retrieve £ from M using a so-called
free unfolding method. Some established methods and the difficulties in-
volved in this approach are discussed in [66]. Reasonable representations of
the neutron spectrum can be obtained through free unfolding. However, in
fusion, it is generally not the neutron spectrum itself that is the parameter of
interest, but the underlying properties of the fuel ion distributions. If the
neutron spectrum is obtained through unfolding, interpretation of the result
in terms of fuel ion properties still remains.

In this thesis, the expected manifestation of the fuel ion distribution in the
neutron spectrum is taken as the starting point in the analysis. Two main
methods based on the same principle are used; component fitting and direct
deuterium distribution unfolding.

3.4.1 Component fitting

The neutron emission from the JET plasma can be viewed as a superposition
of components, each representing reactions between subpopulations of fuel
ions. Examples of such components are the neutron spectra in Figure 7. TO-
FOR spectra are commonly analyzed through parameterizing this type of
theoretical neutron spectra, folding them with the response function to get
them on the scale of the measured data and fitting the parameters. This anal-
ysis approach was e.g. used for the analysis in papers II, III and VI.

The fit is performed using the method suggested by Cash [54], i.e., mini-
mization of the metric

N

C=2Z(xi—nilnxi). (15)

i=1

This method is in principle equivalent to the > minimization procedure used
for Gaussian distributed experimental data, but it is derived for data follow-
ing the Poisson distribution. Equivalent to reduced 4, also a reduced Cash
statistics metric can be constructed:
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(16)

where v-p is the number of degrees of freedom (i.e., in practice, v the num-
ber of bins in the fitted interval and p the number of free parameters used in
the fit). A value of C,4~1 indicates a good fit.

A dedicated analysis tool, NES, is used for component analysis of TO-
FOR data. NES includes pre-parameterized components representing the
neutron emission from thermonuclear reactions, beam-thermal reactions, and
reactions between thermal and simplified iso- or anisotropic RF populations.
The thermonuclear neutron spectrum is represented with a Gaussian defined
by intensity and width 6=35.0T,"* (cf eq. (9): AE,=2(2In2)"?0), the beam-
thermal neutron spectrum with a “box” in ion energy space defined by inten-
sity and maximum and minimum beam distribution ion energies, and the
simplified thermal-RF neutron spectra with Maxwellians defined by temper-
ature and intensity. It is also easy for the user to add fixed shape components
with the intensity as a free parameter, based on theoretical estimates of neu-
tron spectra from specific plasma scenarios.

3.4.2 Deuterium distribution unfolding

The Maxwellian components used to represent reactions between bulk and
RF heated ions as described above are often not a satisfactory representation
of the RF ion population. They give an idea of what fraction of the neutrons
originates from this population, but are in general too simplified to give a
fair representation of the RF heated deuterium distribution. In papers IV and
V, a method is used where the deuterium distribution from RF heating is
obtained directly from the high-energy tail in the TOFOR spectra through
fitting neutron spectra from mono-energetic deuterons reacting with the bulk
population (0 spectra, as in Figure 8) to the data. We call this “deuterium
distribution unfolding”.

The & spectra are generated assuming 90°£10° pitch angle (see section
3.2) for the ions; this limits the application of the method in its current form
to RF populations, for which this assumption is valid. Also this method uti-
lizes Cash statistics. The number and deuterium energies of the o spectra
used are selected to match the resolution of the data. A 6 spectrum
representing a single deuterium energy E4 extends from low to high neutron
energies as seen in Figure 8. For this reason, each iteration of the fit starts
with varying the intensity of the highest energy o spectrum. The intensity in
this point is then fixed, and the intensity of the next d spectrum varied etc. A
smoothing prior is enforced to avoid reproducing statistical fluctuations. The
errors in each point are deduced by varying the intensity in that point until C
from equation (15) increases by 1, while allowing the intensity values of the
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four surrounding points to vary and keeping the intensities of all other points
fixed.

The experimental deuterium distributions deduced in this way can be
compared with simplified theoretical distributions derived using Stix’s solu-
tion to the Fokker Planck equation as in section 1.3.3 above. Good agree-
ment has been obtained, as illustrated e.g. in paper V.
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4 TOFOR

Ja vad sdger man — virldsklass!

Anders Hjalmarsson

TOFOR (JET name KM11) is a time-of-flight (TOF) spectrometer optimized
(O) for high-rate (R) detection of 2.5 MeV neutrons from DD reactions. It
was constructed based on neutron transport simulations using the GEANT4
tool as discussed in [67]. The instrument setup is described in detail in pa-
pers I and II. Here, a short introduction will be given to give the reader the
basic information needed to follow a discussion on work done to improve
the understanding of the instrument and the accuracy in the analysis.

Neutrons enter TOFOR from below (Figure 12a). The flight time is
measured between an in-beam scattering detector S1 and a secondary re-
moved detector S2, placed on the constant time-of-flight (TOF) sphere
(Figure 12b) from S1 with center-to-center flight times related to the incident
neutron energy as E,=2mr’/tror’ (derived in paper II).

Figure 12. (a) Picture of the TOFOR instrument in place in the JET roof laboratory,
with in-beam (S1) and secondary (S2) detectors indicated and (b) schematic of the
setup, showing the S1 and S2 detectors located on the constant time-of-flight sphere
(=705 mm, a=30¢ 6=59. (Color online)

The S1 and S2 detectors consist of 5 and 32 plastic scintillators, respectively,
and the neutrons are detected through their interaction with protons in elastic
n,p scattering as discussed above (section 2.1). The energy deposited by the
proton (recoil energy) is converted to a light pulse in the scintillator, which
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is in turn converted to an electric pulse in a photomultiplier (PM) tube and
fed to the electronics. Events with pulse height below a discrimination level
set using constant-fraction discriminators (CFD) are rejected. For all events
of sufficient pulse height, a time stamp is recorded using digital data acquisi-
tion boards with 0.4 ns bins. One board channel is dedicated to each detec-
tor, and an additional two channels record clock pulses from JET for calibra-
tion purposes as described in detail in paper II.

The integrated charge of the pulse is recorded in the form of an increment
in the corresponding bin of a histogram of analogue-to-digital converter
(ADC) data. Currently, only two ADC spectra per detector are recorded in
connection with each JET pulse: A calibration spectrum with two seconds of
light-emitting diode (LED) data collected during the initialization phase, and
a data spectrum with the neutron signal data integrated over the full length of
the JET plasma discharge. This means that it is currently not possible to cor-
relate individual time stamps to the proton energy of the event that generated
them. An upgrade of TOFOR is being considered where the time boards
might be replaced with so-called hybrid boards, collecting pulse shapes with
the required sub-nanosecond time resolution.

Rate optimization of TOFOR is achieved mainly with the use of the time
boards, which have the ability to record events without dead-time, and the
segmentation of the in-beam detector in 5 layers, spreading the count rate
over a larger number of photomultiplier tubes. Without the segmentation, the
count rate capability of the PM tubes would be a limiting factor. So far, the
projected count rate limit of TOFOR of the order of 0.5 MHz (paper 1I) has
not been possible to test; the record rate recorded is a true neutron event rate
of 44kHz during 1.5s of JET pulse 79691 (with total neutron rate
R,~1.7x10"® n/s as measured by the JET fission chambers).

The optimization for detection of 2.5 MeV neutrons is achieved through
geometrical considerations. Also, the n,p scattering cross section decreases
with energy, making detection of higher energy neutrons less efficient. The
efficiency of TOFOR is optimized for 2.5 MeV neutrons through careful
selection of the S2 angular coverage (Figure 12b). The interval covered is
selected to include as large a fraction of detectable scattered 2.5 MeV neu-
trons as possible, without being so large as to introduce unnecessary timing
uncertainties or become impractical and expensive to construct. Examples of
proton recoil energies deposited in S1 for incident neutrons of varying ener-
gy for the maximum and minimum scattering angles covered by S2 are given
in Table 2. As can be seen, 2.45 MeV neutrons that scatter from S1 to the tip
of S2 (23.02°) will deposit £,=375 keV in S1. We have aimed at setting the
discrimination threshold to 380 keV to achieve full efficiency for 2.45 MeV
neutrons while excluding noise. The choice of thresholds affects the neutron
energy-dependent detection efficiency of TOFOR as described below in
section 4.2.2.1; the discriminator levels can be tuned to match the plasma
scenario studied as discussed in section 4.4.
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Table 2. Deposited proton recoil energy in S, EpSI , and remaining scattered neu-
tron energy, E,, for neutrons of incident energy E;, that scatter in SI through the
maximum and minimum angles covered by S2.

37.87° scatter (S2 base) | 23.02° scatter (S2 tip)

Ei, [MeV] |E,*' [MeV] E,[MeV] | E,’'[MeV] E, [MeV]
1 0.377 0.623 0.153 0.847
2 0.754 1.246 0.306 1.694
2.45 0.923 1.527 0.375 2.075
3 1.131 1.869 0.459 2.541
4 1.507 2.493 0.612 3.388
5 1.884 3.116 0.764 4.236
6 2.261 3.739 0.917 5.083
7 2.638 4362 1.070 5.930
14 5.276 8.724 2.141 11.859

The resolution of TOFOR is optimized for 2.5 MeV neutrons through selec-
tion of a tilting angle for S2 (€ in Figure 12b). The finite size of S2 (35 cm
length) means that the recorded S2 time will include both the neutron flight
time as well as the light transport time through the scintillator to the PM
tube.

[ —— 2.45MeV, no tilt
2 —-2.45MeV, with tilt
- —— 14 MeV, no tilt - -
15 —- 14 MeV, with tilt -
— L5F —~
w
% : 7 //
I = e
E e ~
N Y //
0.5 N -
k —
C N —
0 | -
Ho 1 1| l L1 11 ‘ INAL L ‘ L1 11 ‘ L1 11 ‘ | ‘ | l I}
50 100 150 200 250 300 350
pos [mm]

Figure 13. Spread in detection time as a function of interaction position in S2, for
2.45 MeV (red) and 14 MeV (black) neutrons, without tilt (solid lines) and with a 5 °
S2 tilt (dashed lines). The spread is determined as the sum of the interaction point
dependent flight time plus S2 light transport time, minus the total time to the base of
S2 in the untilted case. (Color online)
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To compensate for this, the detectors are tilted relative to their reference
location on the constant TOF sphere to reduce the flight time to the tip of the
detector and increase the flight time to the base of the detector. This tilt will
improve the timing resolution for incident neutrons of all energies but is
optimized for neutrons of 2.5 MeV as illustrated in Figure 13. In the
2.45 MeV case, the spread is reduced from more than 2 ns before introduc-
tion of the tilt to about 1 ns with tilt, while in the 14 MeV case, the tilt re-
duces the more than 2 ns spread to about 1.5 ns.

The time-of-flight (¢ror) spectrum measured by TOFOR is constructed
post-pulse from the individual time traces of events recorded on the digital
time boards for each S1 or S2 scintillator as illustrated in Figure 14.

L I I Ilml t1

Figure 14. Principle of tror spectrum construction: An event is selected in the time
trace t; of the S2 detector, and paired up with matching events in the S1 time trace t;
that fall within a selected time window. (Color online)

Fewer events are recorded in the removed detector S2, since S1 is placed in-
beam. Only a fraction of the neutrons that scatter in S1 go in the direction of
S2, and even fewer undergo scatter in S2. The S2 time trace is taken as the
starting point for which matching events in S1 are sought within a set time
window (currently 400 ns). Both true and random coincidences will be
constructed in this way. 160 individual S1-S2 #ror spectra are constructed;
these are summed to make up the total spectrum. It is of course important
that the detectors are time aligned relative to each other to avoid introducing
further broadening at this stage; this issue will be discussed in detail below.
Examples of #ror spectra recorded with TOFOR are given in Figure 15.
Since random events are uncorrelated in time, they will show up as a flat
level across the fror spectrum with intensity proportional to the count rate in
the S1 and S2 detectors, i.e., the random level is proportional to the square of
the incident neutron flux F. The true coincidence count rate will be linearly
dependent on F,,, meaning that the true/random ratio will be worse for pulses
with high neutron rates, with the result that low-intensity features of the
spectrum will be harder to resolve in this case. In Figure 15, two examples
are given: a tror spectrum from the RF-only heated period of JET pulse
73205 with low count rate (red), and from NB heated pulse 73311 with high
count rate (black). For both examples, the true 2.5 MeV neutron peak shows
up around #1op=65 ns. The peak at 4 ns corresponds to true y events. The
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random level has not been subtracted in either case and can be seen to be two
orders of magnitude higher in the high-intensity case. Since the random level
is flat, it is straightforward to determine it through fitting in a region with no
physical events; we have selected the region -40 to -80 ns to routinely per-
form this fit. The random level is commonly subtracted when data are visua-
lized. Note, however, that the randoms are not subtracted but treated as a
fixed component in the data analysis.
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Figure 15. Non-background subtracted data from 73311 (top, black) and 73205 (47-
50.5 s) (bottom, red). (Color online)

The small peaks at about 270 and -270 ns in Figure 15 have been found to be
due to reflections of large pulses in the signal cables and do not interfere
with the interesting part of the spectrum. It could be noted that also back-
ground events, due to e.g. ambient y radiation and observed in S2 on a level
of about 100 Hz due to their large volume, will contribute to the random
level in the recorded #roF spectrum.

4.1 Line of sight

TOFOR is located in the roof laboratory at JET and views the central part of
the plasma with a perpendicular (vertical) line-of-sight (Figure 16). The field
of view is restricted by a 2 m collimator through the roof lab floor, the pre-
collimator structure and the upper vertical diagnostic port. The coordinate
systems for the JET roof laboratory and torus hall are not matched up and no
exact line-of-sight information can be obtained from the JET drawing office;
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currently our best estimate is an umbral foot print (viewed from the center of
S1) at the torus midplane from major radius R=2.74 to 3.02 m, centered at
R=2.88 m. The corresponding numbers at the divertor level are 2.69, 3.00
and 2.85 m, respectively.

TOFOR
Roof
Ia(l::)ratoly %

Concrete
shielding

Precollimator

Vertical
diagnostic port
(upper)

Horizontal
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port

«—__ Support structure
and radiation shielding

Divertor region

Figure 16. Poloidal cross section of JET in octant 8 with the TOFOR line-of-sight
from its location in the roof laboratory indicated. (Color online)

The line-of-sight information is crucial in the determination of the expected
scattered neutron flux in the TOFOR line-of-sight. A detailed description of
how the line-of-sight estimate was deduced can be found in paper I1I, where
measurements using super-heated fluid detectors [68] are also invoked to
confirm the estimate.

The precollimator consists of four concrete jaws, two movable in the radi-
al direction and two in the toroidal direction. The purpose of the system is to
allow for restriction of the line-of-sight if the neutron flux from the plasma is
too high for the detecting instrument. A crucial point in the TOFOR line-of-
sight estimate is the result from the installation survey that a precollimator
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outer radial jaw set to 54.5 mm blocks half the line-of-sight (see paper III).
This survey result was confirmed in a set of measurements where the precol-
limator outer jaw was gradually moved from fully open (143.3 mm) to fully
closed (0 mm) as visualized in Figure 17. Here, KM11 represents true neu-
tron counts in the tror spectrum from TOFOR, and KN1 the total neutron
yield as measured by the JET fission chambers. The linear fit to the data
gives a value for KM11/KNI at 54.5 mm of 0.48+0.002 times that at fully
open.
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Figure 17. TOFOR counts (KM11) divided by fission chamber neutrons (KNI) for a
number of JET pulses shown as functions of setting of the precollimator outer jaw.
Also shown is a linear fit to the data points. The outer jaw is fully open when set to
143.3 mm. (Color online)

4.2 TOFOR response

As mentioned, S1-S2 center-to-center flight times in TOFOR are related to
the incident neutron energy as E.=2mr’/troF (constant TOF sphere equa-
tion). However, the measured flight time will deviate from this ideal value
due the finite size and flat geometry of the detectors, and due to the possibili-
ty of neutrons scattering multiple times on their way from detection in S1 to
S2. These effects are of crucial importance for accurate analysis of the rec-
orded data and a full response function of TOFOR has been simulated to
take them into account (see section 4.2.1 below). This simulated response
function will describe the geometrical response, R,, of TOFOR due to the
setup of the detectors and the surrounding structures. However, the measured
representation of the spectrum of incident neutron energies will also be af-
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fected by other factors which in paper Il were classified as pulse response,
R,. This pulse response is affected by the finite resolution by which the event
times can be measured in the electronics as well as other peculiarities of the
instrument, and the contributing factors will be discussed in some detail in
section 4.2.2 below.
In summary, the total response of TOFOR will, in addition to the geome-
trical response, be affected by:
e The thresholds set in the electronics to select which pulses to
record.
The time alignment of the individual scintillator channels.
e An additional broadening due to imperfections in the data
acquisition electronics.

4.2.1 Response function

The geometrical response of TOFOR was simulated using GEANT4 as de-
scribed in [67], to create what we call the TOFOR response function. The
time-of-flight response of TOFOR to quasi-monoenergetic (£25 keV) neu-
trons in 50 keV intervals was simulated, originally in the range from 1-
5 MeV. For this thesis, the simulations were extended to cover the range of
incident neutron energies from 1-18 MeV; this was found necessary as the
analysis tools improved and as new plasma scenarios emerged where higher
energy neutrons could be studied, e.g. the "Be(*He,n)''C neutrons discussed
in paper VI
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Figure 18. TOFOR response function, showing the simulated time-of-flight spectrum
for incident neutron energies in the range 1-18 MeV.
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The response function, made up of a tror spectrum for each simulated inci-
dent neutron energy, is illustrated in Figure 18. The red crescent represents
the most likely flight times for each neutron energy, corresponding to the
equation of constant TOF.

From the response function, the expected efficiency as a function of neu-
tron energy can be determined by summing all events in the ¢ror spectrum in
each E, bin (Figure 19). 10® incident neutrons were simulated for each ener-
gy; in Figure 19, the intensities from Figure 18 have been normalized using
this number. As can be seen, the efficiency peaks at 0.01 coincidences per
incident neutron for 2.5 MeV neutrons, and decreases by almost a factor of
10 for 14 MeV neutrons. The plastic scintillators contain C and H and n,p
scattering competes with n,C scattering. The structures seen in the response
function correspond to resonances in the »,C scattering cross section that
increase the n,C scattering probability at the expense of n,p scattering for
those energies.
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Figure 19. Efficiency of TOFOR for detection of neutrons of different incident ener-
gies, as determined from summing the events in the simulated tror spectra in Figure
18.

In the simulations, the proton energy E, and the event time ¢ for all interac-
tions are recorded. In order to match the response function to the measured
data, the same discrimination thresholds used in the measurement need to be
applied also to the simulated response function, in units of proton energy.
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4.2.2 Instrument characteristics

The total response of TOFOR is determined by the response function, de-
scribing the geometrical response as discussed above, with input on (i) dis-
criminator thresholds in units of proton energy, (ii) the time alignment of the
detectors and (iii) an additional broadening due to finite resolution in the
electronics. In this section, we will discuss each of these topics.

4.2.2.1 Thresholds

The thresholds are set in the CFDs of the TOFOR data acquisition electron-
ics in the form of a pulse height level on a mV scale. The response function,
as mentioned, requires input thresholds on an E,, scale. The mV thresholds
are converted to energy levels using the analogue ADC branch of the TO-
FOR electronics. ADC data are collected with a **Na source placed on top of
the S1 detector. The decay of *Na leads to emission of a 0.546 MeV B and a
1.275 MeV 7. With the positron annihilating to two 511 keV y-rays, the de-
cay will give rise to two Compton edge signatures in the ADC spectra. Con-
sequently, there will be three points of known energy in the spectrum: the
pedestal at E.=0 keVee and the two Compton edges at 1062 keVee and
341 keVee, respectively. This means the energy scale (channel to “keVee”,
electron equivalent energy from the Compton scattered electron recoil) of
the ADC spectrum can be determined, assuming a strictly linear correlation
between light yield and energy. The threshold level in channel number can
then be read out from the spectrum and converted to keVee.

One complication of this scheme is that the ADCs suffer from differential
non-linearity (DNL) which has to be corrected for. The DNL for each indi-
vidual detector ADC channel has been determined using a triangular wave
generator of sufficient amplitude to scan the range of possible pulse heights,
gating the ADC with uncorrelated pulses from a pulse generator. Examples
of such DNL spectra, for detector S1-2, are shown in the top panel of Figure
20. The three curves represent measurements from 2006, 2007 and 2009,
respectively. The amplitude depends on collection time and is not relevant.
To compare the spectra from the different measurement times, the integral
non-linearity (INL) in the three cases has been constructed and normalized to
its maximum (middle panel). By dividing the normalized INL from the dif-
ferent measurements, the DNL drift can be determined for each channel
(bottom panel). As can be seen, a 5% difference is observed for low channel
numbers both if the 2006/2007 (magenta) and the 2007/2009 (black) mea-
surements are compared. The conclusion is that there are drifts in the DNL
and regular measurements are needed to keep the DNL corrections up-to-
date.
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Figure 20. Non-linearity of the ADC channel used for S1-2 data. The top panel
shows the DNL spectra collected with a triangular pulse generator in November
2006 (red), October 2007 (blue) and June 2009 (black). The central panel shows the
normalized INL from the same measurements. The bottom panel shows the 2006 INL
divided by the 2007 INL (magenta) and the 2007 divided by the 2009 (black).

Another complication in the determination of the thresholds using **Na is
that the spectra need to be corrected for background. In Figure 21, raw **Na
(blue) and background (red) spectra collected with S2-5 over 48 hours each
are shown. The black curve shows the resulting background subtracted linea-
rized ADC spectrum used for threshold determination.
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Figure 21. *’Na (blue) and background (red) spectra measured for 48 hours with
82-5. Also shown is the resulting linearized and background subtracted *Na spec-

trum (black).

Currently, the pedestal is determined through fitting a Gaussian, while the
Compton edges are determined by inspection, assuming that the actual
Compton edge corresponds to the half-height. However, it has been shown
that for different scintillator materials, the half height does not necessarily
represent the true value of the Compton edge [69,70,71,72]. In theory, it
should be possible to achieve a more systematic ADC spectrum energy cali-
bration through fitting to the **Na data. This has been tried, taking into ac-
count the positions and intensities of the Compton edges, the pulse height
resolution of the detector and the attenuation of the light due to the detector
geometry. The fit function consists of a basic linear energy scale function on
the form y=mx+c, with intensities of Compton edges 1 and 2 and the pileup
from simultaneous interaction of both gamma energies emitted in a **Na
decay, folded with the pulse height resolution on the form [69]

1
) 1
%:(a2+%+§J2. (17)

An example of a fit to S1-4 **Na data using this method is shown in Figure
22.
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Figure 22. Fit to linearized background subtracted *’Na data for S1-4.

Examples of comparisons between fits and inspection are given in Table 3.
As can be seen, the results from fits to and inspection of S1 spectra closely
match each other, with the edge position from the fit falling between the
peak and half-height of the first Compton edge (C1) from inspection, close
to the half-height. However, in the S2 case, the fitted C1 edge falls above the
half-height (further to the right in the spectrum). This is not expected from
the references and is not understood at this point.

Table 3. Results from comparison between Compton edge position results for the
first Compton edge (C1) (at 341 keVee ) from inspection and fit to “’Na data. For
the five S1 detectors listed, the fitted Compton edge position approximately coin-
cides with the half-height. For the three S2 detectors, the Compton edge position
resulting from the fit lies above the half height.

Detector  C1 peak Half-height Cl1 pos  Fit pos Fit pos
(inspection)  (inspection) (fit)  above peak below half-height
[ch] [ch] [ch] [70] [“o]
SI-1 239 292 286 19.7% 2.0%
S1-2 165 201 196 18.6% 2.7%
S1-3 225 271.5 266 18.4% 1.9%
S1-4 281 344 338 20.2% 1.8%
S1-5 245 297.3 291 18.9% 2.0%
S2-2 321 407 439 36.7% -7.8%
S2-3 311 385 419 34.6% -8.7%
S2-4 346 427 465 34.4% -8.9%
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Figure 23. Comparison of E.-E, conversion formulas from ref. [73] (BC-418,
dashed red) and [74] (Frenje, solid blue). (Color online)

The **Na method yields the threshold in units of keVee. The response func-
tion, as has been mentioned, needs threshold input in units of £,,. To achieve
the needed conversion, the relation [73]

E,=0.093159-E,+0.101399- E; —0.006787 - E; (18)

has been used. In Figure 23, this formula is compared with one used by
Frenje in ref [74]. As can be seen, the two curves follow each other closely
in the low energy interval (£,<3 MeV) that we are interested in here. How-
ever, the conversion adds to the uncertainty of the threshold determination.

The goal is to set the discriminator threshold to the same keVee level for
all detectors; this makes the response function generation easier. The recent
target threshold has been E,=380 keV, corresponding to £.=50 keVee. It is
estimated that the uncertainty in the threshold determination is +10 keVee.
In Figure 24, the TOFOR efficiency as a function of incident neutron energy
is shown, varying the thresholds for both S1 and S2 *+10 keVee, i.e. from
E,=320 keV to E,=440 keV, in steps of 20 keV. As can be seen, the differ-
ence between the efficiency in the two extreme cases of E,'=E,**=320 keV
and E,”'=E,%=440 keV is almost +20% for 2.5 MeV neutrons.
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Figure 24. Efficiency as determined from integrating the tror spectra in the response
function, varying the threshold settings in steps of 20 keV from E,=320 keV in both
SI and S2 (solid red curve) to E,=440 keV in both SI and S2 (broken blue curve).
(Color online)
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Figure 25. Relative uncertainty in the TOFOR efficiency as a function of incident
neutron energy, determined as the percentage deviation from the average of one of
the extreme points in Figure 24.

In Figure 25, the relative efficiency uncertainty, determined as the percen-
tage deviation from the average of one of the extreme points, is shown as a
function of energy. As can be seen, the uncertainty is highest for low ener-
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gies; this is of course to be expected since the threshold cut affects the low-
est energies the most. The natural consequence is that the thresholds also
affect the shape of the response function, which will have an impact on the
achievable accuracy in the data analysis performed using the response func-
tion. This is exemplified in Figure 26.
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Figure 26. (a) C,qq from fits to TOFOR data from JET pulses with Pyg>10 MW and
no applied RF heating. (b) Same as in (a), but with a different response function
used in the pulse interval 74000-78200 as described in the text.
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The figure shows the Cash statistics goodness of fit parameter C.q from fits
to data from JET pulses with Pyg>10 MW and no RF heating applied. The
data set was selected based on the criteria of small variations in the neutron
emission conditions, to facilitate routine fitting with similar parameters, and
good statistics in the TOFOR data. The data in the two panels can be divided
in four intervals: (i) 68000-71000, (ii) 71000-74000, (iii) 74000-78200 and
(iv) 78200-79000. The intervals correspond to time periods with different
threshold settings and, hence, different response functions. In time period (i),
a response function with lower and upper thresholds for S1 and S2 of 320,
2300, 540 and 2580 keV is used. Time period (ii) uses lower thresholds of
380 keV for all detectors. In time period (iv), a different low threshold is
used for each of the 5 S1 detectors, while the S2 low thresholds are set to
380 keV.

At around shot 74000 in panel (a) of Figure 26, the C,q values can be
seen to start deteriorating. This is believed to be due to drifts in the effective
E, thresholds. Time periods (ii) and (iii) belong to the same set of JET cam-
paigns. The thresholds were calibrated before the start of these campaigns. In
Figure 26a, the deduced response function is applied in the analysis through-
out periods (ii) and (iii). After the end of these JET campaigns (~78200) a
new “*Na measurement was done to determine the new threshold settings.
Unfortunately, the measurement was done after TOFOR had been switched
off for some two months, meaning it is not clear how well the new thre-
sholds actually match the campaign settings. However, when the new re-
sponse function is applied from 74000-78200, a dramatic improvement in
Cieq 18 seen (Figure 26b). Consequently, this response function is used when
data from time period (iii) are analyzed.

As mentioned, also upper thresholds were used in the TOFOR setup in
period (i), i.e., during the first campaigns after installation of the instrument
at JET. By only accepting pulse heights within a window with lower and
upper bounds, the randoms level for 2.5 MeV neutron measurements could
be suppressed. TOFOR was in this way further optimized for 2.5 MeV neu-
tron measurements. However, the upper thresholds led to reduced efficiency
for detection of higher energy neutrons. Before the new campaigns, (ii), we
realized that an important contribution of TOFOR to the JET physics pro-
gram was in the region of high neutron energies, and it was decided to scrap
the high thresholds.

An investigation of the randoms suppression achieved with the upper
thresholds was also done. Discriminating against 2.5 MeV neutrons that
deposit 2.3 MeV proton recoil energy in S1 (as was attempted during the
first campaigns) is equivalent to discriminating against neutrons that scatter
through an angle larger than 73.6°. The probability for neutrons to scatter
with an angle larger than 73.6° compared to the total scattering probability
was used as a measure of how effective the high thresholds were in discrimi-
nating against random background. Using differential cross sections from
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[75], it was found that the upper thresholds suppressed less than 1/10 of the
2.5 MeV randoms.

From the comparison between Figure 26a and b, it is clear that the effec-
tive thresholds have drifted during periods (ii) and (iii). The mV levels set in
the CFDs did not change during this time. It is determined that the reason for
the effective threshold drift is a drift (drop) in PM tube gain. In Figure 27,
the TOFOR coincidence counts are shown divided by the neutron yield as
measured by the fission chambers for pulses with Pyg>10 MW and no RF
heating. As can be seen, the TOFOR efficiency decreased during the cam-
paign from 71000 to 78200. An attempt was made to compensate for this
efficiency drop by increasing the high voltage applied to the S1 PM tubes
before the start of the next campaign (>78200). This can be seen to have the
desired effect (Figure 27).
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Figure 27. TOFOR (KM11) coincidences divided by total neutron yield as measured
by the fission chambers (KN1) as a function of shot number.

The efficiency drop seen in Figure 27 can also be understood by comparing
S1 ADC data from similar JET pulses from the high-efficiency period
(68000-71000) and the beginning and end of the 71000-78200 campaigns.
Such a comparison (for S1-2) can be seen in Figure 28. It is obvious that the
amplification in the PM tube has decreased during this time period.
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Figure 28. Comparison of ADC spectra for S1-1 collected for pulses 68448 (red),
72618 (blue) and 77943 (black). The spectra are all from NBI heated shots with

more than 10 MW of heating power. They have been normalized to their average
value in bins 200-400.
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A function to monitor the PM tubes for gain drifts is included in the TOFOR
Control & Monitoring (C&M) system. As described in detail in paper II,
each TOFOR detector is equipped with a light fiber so that the individual
detectors can be fed light pulses from a common LED source, distributed in
parallel to all detectors. In addition, a reference detector outside of the TO-
FOR setup is equipped with both such a light fiber and a **' Am source, used
as an absolute standard.

The PM tubes are monitored for gain through analysis of the LED peak
from the calibration spectra collected in connection with each JET pulse.
The reference detector is used to establish if any LED intensity drift has
occurred, so that the PM tube gain drift can be isolated. An example of a
! Am spectrum with an asymmetric Gaussian fit is shown in Figure 29. Also
the pedestal is fitted and its position taken as the origin of the amplitude
scale. Figure 30 shows an LED spectrum (from S1-2) with Gaussian fits to
both the pedestal (which is subtracted) and the LED peak.
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Figure 29. " Am reference ADC spectrum collected during JET pulse 73205, with
an asymmetric Gaussian fit to the data. (Color online)
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Figure 30. LED calibration ADC spectrum for S1-2, with Gaussian fits to pedestal

and LED peak indicated. (Color online)

The correction process is outlined in ref [76]. The final result will be an
ADC spectrum peak position, corrected for the pedestal position, for each
detector and discharge (Dcons) corrected for the LED drift according to
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DS :DS AfED Ajm (19)

corr S R
A LED A Am

where the superscript S represents the discharge selected for study and R the
reference discharge. D® is the measured LED peak position minus pedestal
for the detector studied. 4 is the peak position minus pedestal in the absolute
reference detector for the **'Am and LED peaks, respectively.

An example of a PM tube gain drift plot, for S1-1, is shown in Figure 31.
The reference pulse is 73650 (one of the first pulses after automatic collec-
tion of calibration spectra was introduced), and the results are also norma-
lized to Deqy, for this discharge.
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Figure 31. Example of a PM tube gain drift plot for detector S1-1, where the cor-
rected LED peak position is determined as described in the text and normalized to
the value for pulse 73650.

The error bars represent the total error with contributions from all compo-

nents, where the individual peak and pedestal position errors are the errors in
the mean value of the fits to the peaks:
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4.2.2.2 Time alignment

Before initial operation of TOFOR in 2005-2006, the individual scintillators
were time aligned relative to each other using LED pulses, an analogue time-
to-digital (TDC) module with 50 ps resolution to measure the alignment and
short LEMO cables to adjust it. It was believed that an alignment for all de-
tectors within 0.1 ns was achieved. The intensity of the LED was varied
during the measurements so that the peak would fall at about the same ADC
channel for all detectors.

In January 2007, an attempt was made to redo the physical time alignment
before the start of the new campaigns (JET # >71000). However, we found:

e That the time alignment had changed dramatically from the
previous alignment.

e That measurements with the time boards used in the actual
data acquisition chain changed the results as measured with
the 50 ps TDC.

e That the time alignment between the different detectors was
different depending on if it was determined with LED pulses
or cosmic muons (correcting for the finite travel time be-
tween the different S1 layers in the latter case).

The time boards were seen to affect the time alignment at least partly due to
different lengths of their connection cables. It was determined that if a hard-
ware time alignment was to be done, it had to be done using the boards.

The observations indicate that the detector time alignment is pulse height
dependent. In the new measurements using the 50 ps TDC, the LED intensi-
ty was not varied to match the pulse height between the detectors. This
means the effective pulse heights changed between the old and new mea-
surements. The cosmic muon pulses were also of different pulse height (and
shape) than the old and new LED pulses.

Measurements done recording pulses with an oscilloscope indicate that
the CFD modules introduce a pulse-height dependent time walk in the mea-
surements. Signal pulses, output from a linear fan-in-fan-out (FIFO) module,
and CFD pulses were recorded in the measurements. The timing of the
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hardware CFD, as determined from the oscilloscope waveforms, was com-
pared with applying a software CFD algorithm to the FIFO signal pulses
(Figure 32). Note that the measurements provide no absolute measurement
of the time walk; this would require a fixed reference time, such as a synch
signal. With the current technique, it is unclear if the software or hardware
CFD timing is a better estimate of the “true” pulse time. What is clear from
Figure 32, however, is (i) that the time resolution is worse for low pulse
heights, likely due to photon statistics and (ii) that there seems to be a time
walk trend from low to high pulse heights. Assuming this time walk is dif-
ferent for different detectors, this peculiarity of the TOFOR CFDs could
explain why the time alignment would be pulse height dependent.
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Figure 32. Time walk (At = software CFD time- hardware CFD time) as a function
of pulse height, measured using an oscilloscope for S1-4. The discrete bands in the
figure are due to a 0.2 ns bin width in the analysis. Note that the timing resolution is
worse for low pulse heights (larger spread in At), and that a slight drift in the meas-
ured times can be observed towards larger pulse heights (increasing At).

A method has been developed where data from JET pulses with ohmic heat-
ing only is summed to achieve high enough statistics to determine the devia-
tion of the S1-S2 coincidence peak times from the expected value for differ-
ent detector combinations. With this method, relevant neutron pulse heights
and shapes are used to determine the detector time alignment; hence, the
timing issues described in this section can be avoided. Examples of results
from the method are shown in Figure 33, with peak times as a function of
pulse number for #ror spectra constructed for coincidences between individ-
ual S1s and all S2s, and Figure 34, with peak times for coincidence spectra
between individual S2s and all S1s.
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Figure 33. Time alignment for individual SI detectors (SI1-1 black, S1-2 blue, S1-3
red, S1-4 green and S1-5 magenta) based on tror spectra constructed from coinci-
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Figure 34. Time alignment of individual S2 detectors, based on trof spectra con-
structed from coincidences between the individual S2 and all S1s.The colors follow
the color for the S1 detector channel located on the same time board (cf Figure 33).

It can be seen that the alignment of the different S1 detectors relative to each

other drifts over time, while the total spread is rather constant (Figure 33).
The five S1 detectors are placed in a stack with S1-1 at the bottom and S1-5
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at the top. This means that S1-1 (black curve) is expected to have the longest
flight times to the S2 detectors and S1-5 (magenta) the shortest, which is
indeed seen for early pulses in Figure 33.

From Figure 34, we conclude that the timing of the S2s has drifted apart
since the original physical time alignment performed around pulse 68000.
Two traces stand out in this figure: the red curve that starts 2 ns below the
group represents detector channel S2-19, the timing of which improved
around pulse 72000, and the black curve that temporarily leaves the group
represents S2-1. The S2-1 deviation has a simple explanation: the electronics
FIFO channel used for this detector broke and had to be replaced by a differ-
ent one (from pulse 72366). This introduced a time shift. The alignment of
the detector was restored by adding a 2 ns LEMO cable (from pulse 74480).

The results from the analysis of ohmic data for the Sls as illustrated in
Figure 33 is used to create a correction matrix for the shot numbers in a pe-
riod of stable alignment. This matrix is then applied to time align measured
data from more complex JET pulses. Currently, no alignment is done to
compensate for S2 timing drifts; this of course adds a time broadening to the
measured tror data.

4.2.2.3 Electronics broadening

The remaining broadening in the time-of-flight data relative to the response
function with carefully determined thresholds, that is not accounted for by
the time alignment, is attributed to a broadening in the electronics. Contribu-
tions to this broadening could be e.g. time jitter in the PM tubes, the pulse
height-dependent timing resolution issues illustrated in Figure 32 and the
time spread between the S2 detectors seen in Figure 34.

The total impact of this “electronics broadening” on the response of TO-
FOR is not straight-forward to quantify. Currently, a method is used where
the response function is folded with a Gaussian of width Az at full width half
maximum (FWHM) to account for this effect. The size of 4¢ is found from
fitting the response function to JET data from ohmic pulses, the width of
which should follow equation (9). An example of such a fit is shown in Fig-
ure 35.
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Figure 35. Fit to ohmic data from JET pulses 73300-73500, using the Cash statistics
method described in section 3.4.1 above with two components. a thermal component
according to equation (9) (long-dashed red) and a component to account for scat-
tered neutrons as described in section 3.3 (short-dashed black). The total fit to the
data is indicated as a solid blue curve. (Color online)

This method requires that the temperature of the observed plasmas is known.
Ion temperatures 7; for ohmic pulses at JET usually fall in the range 2-3 keV.
It was found that results consistent with charge exchange spectroscopy mea-
surements were reached if the electronics broadening was determined assum-
ing a weighted average of 7;=2.7 keV for the ohmic plasma temperature.

The shape of the scattered component is also of importance. The proce-
dure has had to be step-wise revised as our understanding of the scattered
neutron flux has improved.

Naturally, this is not a satisfactory method for calibrating the TOFOR T;
measurements. It would be imperative to further increase the understanding
of the electronics broadening to be able to account for it in a more exact
way. This could turn out to be easier if hybrid boards were introduced, eli-
minating the need for CFDs in the electronics chain, and with a different S1
detector setup, producing larger pulse heights and thus less sensitive to pho-
ton statistics-dependent pulse height resolution issues.

4.3 Optimization of data analysis

As has been demonstrated, the measured representation of the incident neu-
tron spectrum is, in addition to the instrument geometry, also dependent on
discriminator thresholds, detector time alignment and an additional electron-
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ics broadening. In summary, these effects are taken into account in the anal-
ysis by:

e Time aligning the S1 detector channels by shifting the indi-
vidual S1s to the same tror at 2.5 MeV.

e Adding a A=1.5 ns empirical broadening due to electronics
to get reasonable 7; for ohmic plasmas.

e Using a response function with appropriate £, values for the
thresholds.

The tool used for visualization and Neutron Emission Spectrometry (NES)
analysis of TOFOR data has been adapted to automatically select the re-
sponse function with the thresholds that best match the settings and time
align the data using the correct alignment matrix for the pulse studied. The
match between the data and the response function could be further optimized
by e.g. more regular **Na threshold measurements and correction also for S2
time alignment drifts.

The energy-dependent resolution AE./E, (FWHM) of TOFOR has been
determined from fitting a Gaussian to the final broadened and aligned re-
sponse function ¢ror spectrum for each neutron energy (Figure 36). As can
be seen, the resolution is best for neutrons of about 2 MeV at 7.7%; at
14 MeV, the resolution is about 15.8%.
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Figure 36. Resolution (FWHM) of TOFOR as a function of incident neutron energy,
determined from fitting a Gaussian to the peak in the tror spectrum of the final re-
sponse function.
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A resolution worse than the thermal broadening of the plasma studied does
not mean that the parameters cannot be measured; however, accurate know-
ledge of the response function and good statistics in the measurement are
required.

4.4 14 MeV TOFOR and hybrid boards

Before installation of TOFOR at JET, it was thought that the discriminator
thresholds set for each TOFOR detector channel could be adjusted during
campaigns to optimize the instrument for the plasma scenario under observa-
tion. This, however, turned out to be impossible in practice, given (i) that the
thresholds are tweaked by physically manipulating a screw for each of the 37
detector channels and (ii) that it was not possible to connect such temporari-
ly tweaked thresholds in mV level to their £, equivalent for input to the re-
sponse function. After the use of high thresholds to discriminate against high
energy events was discontinued (see section 4.2.2.1 above), it was however
decided that these high thresholds could now be used for easy changing of
TOFOR settings for a different operation regime. The high thresholds were
adjusted to discriminate against almost all 2.5 MeV neutrons in S1, including
the ones incompatible with direct coincidences S1-S2 (compare Table 2) and
to exclude the main part of the background contribution in S2. ADC spectra
from operation above the low thresholds (JET pulse 76192, red curves) and
the new high thresholds (JET pulse 76193, black curves) are shown in Figure
37 for S1-3 and S2-27, respectively. The plasma parameters are very similar
for the two pulses; the ADC spectra have not been normalized.

71



S1-3

T T T TTTITT]

| [au]

T

10 £ ’

| .
'Irl ‘!
I H TR i
hlll HHIH\MHI\H I |

S2-27

TTTTTT

T

T I\\HH‘ T \HHH‘ T T T T

I[au]

Ty

0 200 400 600 800 1000 1200 1400

channel #

Figure 37. ADC spectra recorded for S1-3 and S2-27, respectively, for JET pulses
76192 (red, high signal in channel region 100-400) and 76193 (black) with very
similar plasma parameters. The difference between the red and black curves is op-
eration with TOFOR above the low or high thresholds. (Color online)

In the S1 case, the spectrum which for pulse 76192 included protons up to
2.5 MeV energies according to equation (9) has been cut by the high thre-
shold to only include the very highest energy protons for pulse 76193 (top
panel). The target threshold settings were E,=2400keV for S1 and
E,=500 keV for S2. In this way, TOFOR was optimized for detection of the
weak contribution of 14 MeV neutrons from DT reactions, without interfe-
rence of randoms from 2.5 MeV neutrons. An example of a #ror spectrum
collected with TOFOR set to record data above the high thresholds only is
given in Figure 38. Note that the 14 MeV DT peak at 27 ns is clearly visible,
while the normal 2.5 MeV DD peak at 65 ns is absent.
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Figure 38. Summed time-of-flight spectrum from JET pulses 76193-76210, with
TOFOR set to record data above the high threshold only. The DT neutron peak at
27 ns dominates the spectrum, the absence of a peak at 65 ns where DD neutrons of
2.5 MeV would fall should also be noted.
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With the current electronics setup, only one time board channel is available
for each detector channel and though signals above both the high and low
thresholds are created for each JET pulse, only one can be recorded. This
would not be the case if TOFOR was to be upgraded with hybrid boards.
Pulse shapes for each event would then be recorded, and time-of-flight spec-
tra with different threshold settings could be constructed for the same pulse.
This could not only be used to separately study 2.5 MeV and 14 MeV neu-
trons; it could also be used to decrease the random contribution to highlight
weaker features of the spectrum at energies between 2.5 and 14 MeV.

Of course, the problem of knowing the threshold levels in proton equiva-
lent would remain also for the hybrid boards. In theory, however, if a tho-
rough characterization of the pulse height-to-energy scale was done before
the start of campaigns, the data could be corrected for PM tube gain drifts on
a shot-to-shot basis using the method described in section 4.2.2.1, since the
pulse height and event time information would now be correlated. As pre-
viously mentioned, the time walk problems introduced by the CFD modules
in the current electronics setup might also be possible to eliminate using
hybrid boards.

A main advantage expected from a hybrid board introduction is the possi-
bility of event selection based on kinematics. Knowing deposited energies in
S1 and S2, it should be possible to exclude events with flight times not com-
patible with neutrons on a direct track between the two detector sets. This
should lead to elimination of multi-scatter and a large fraction of random
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events. However, it is not straightforward to determine how this would work
with a spectrum of incoming neutron energies giving different direct-track
flight times and energies, and assuming that there will still be some pulse
height resolution issues. A simulation project is underway to study these
issues in detail.

4.5 Improving campaign preparation and monitoring

Based on the detailed characterization work described here, it is appropriate
to end this chapter with some suggestions for future improvements in the
campaign preparation and monitoring. It is obvious that the main stability
issue with TOFOR is drifts in threshold levels accompanied by a drop in
efficiency (Figure 27) due mainly to drops in PM tube gain. The threshold
drift, if it is not physically corrected or taken into account in the response
function, will have a detrimental impact on data analysis (Figure 26). With
the current setup, it is difficult to correct the threshold levels based only on
measurements of PM tube gain drifts, since these drifts cannot be correlated
to deposited energies. One way to get around this problem could be weekly
*’Na runs throughout the campaigns. It is not easy to get access to the re-
stricted area of the roof laboratory at JET where TOFOR is located during
campaigns. However, as described in paper II, a weak **Na source is placed
inside the S1 detector box. This source is too weak to be useful for S2 thre-
shold measurements; however, the problem has been identified to affect S1
much more than S2. 48 hour ADC spectra collected over each weekend dur-
ing campaigns could be used to get a new response function each week to
match the data collected. This way, also smaller physical corrections could
be made possible.

This monitoring should be combined with thorough threshold calibrations
for all detectors before a campaign, where the thresholds for each S1 or S2
detector channel are set to the same value. It could also be good to check the
PM tube high voltage settings; if the PM tube gain is high at the start, there
is more room for adjusting the thresholds as the gain drops over the cam-
paigns to keep the original efficiency. Also new ADC DNL spectra should
be collected before the start of each campaign.
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5 Data analysis and results

The purpose of this chapter is to demonstrate how the methods described in
section 3.4 are used and what type of physics results can be obtained with
TOFOR. Detailed results from analysis of TOFOR data are presented in
papers 111, IV, V and VI of this thesis.

In order to perform accurate analysis, a detailed understanding of the in-
strument response (as discussed in chapter 4) and of the contribution of scat-
tered neutrons (paper III) to the spectrum is essential. Section 5.1 below
includes comments on backscatter; the reader is referred to paper III for fur-
ther details.

As mentioned in chapter 4, the response function broadening is crucial in
using TOFOR to determine bulk ion temperatures. Temperature measure-
ments, classically viewed as the specialty of neutron spectrometry diagnos-
tics, are not the strong point of TOFOR due to the current insufficient under-
standing of this broadening. Also the interference in the region of the ther-
monuclear peak of neutrons from beam-thermal and beam-beam reactions
(broadened in the region £,=2-3 MeV) complicates the temperature deduc-
tion from TOFOR data from many JET discharges as will be exemplified in
section 5.1. Of course, this would be different in a burning plasma reactor
where the bulk of the emitted neutrons are expected to originate from ther-
monuclear reactions.

Another classical strong point of neutron spectrometry is the ability to de-
termine the ratio Querma/Onon-thermar. 1his relates to the ability of the instru-
ment to separate contributions to the neutron spectrum from reactions be-
tween different subpopulations. For TOFOR, this is done using component
analysis as discussed in section 5.1.

During the recent campaigns, a strong contribution of TOFOR to the JET
physics program has been in the area of fast ions, mainly from RF heating.
In its simplest form, the contribution of TOFOR to an experiment can be to
verify the presence of fast deuterium through study of collected #ror spectra
(section 5.2). Application of the deuterium distribution unfolding method
(section 3.4.2) can yield an experimental estimate of the fast deuterium dis-
tribution (section 5.3). TOFOR has also been employed to establish a contri-
bution to the neutron spectrum from reactions between fast ions and beryl-
lium impurity in the plasma, as described in paper VI. Another example of
this type of analysis is discussed in section 5.4. Finally, section 5.5 is dedi-
cated to discussion of 14 MeV neutron measurements with TOFOR. In con-
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nection with this analysis, we also briefly discuss the possibility of using
neutron spectrometry for n/nq fuel ion ratio measurements.

5.1 Component analysis and scattered neutrons

The component fitting method described in section 3.4.1 was employed in
the analysis described in papers II, III and VI. In Figure 39, component fit-
ting is illustrated through applying the method to JET pulse 73311. The time
interval studied is #=9.2-10.3 s, with constant applied NB power
Pxg=18 MW and electron density 7:=2.6x10" m™. A random background of
24.53 counts per channel has been subtracted in the figures; however, this
random level is used as a fixed component in the Cash minimization
throughout the analysis.

Figure 39a shows the result of fitting just a thermonuclear (TH) compo-
nent, modeled as described in section 3.4.1, to data in the region
50<tror<85 ns. This fit gives C,.s=5.03, and is not realistic since also neu-
trons from beam-thermal reactions are expected due to the applied NB heat-
ing. In panel (b), the fit is instead performed with a beam-thermal (NB)
component only, modeled as described in section 3.4.1 as a box in ion ener-
gy space between E, and En.x. Creq from this fit is 7.46. The component
follows the shape of the peak region of the spectrum rather better than the
TH component, but also thermonuclear emission is expected in this case. In
panel (c), both TH and NB components are used, and C..4=4.16. However,
the temperature 7; estimated from the fit of the TH component is unreasona-
bly high at 21 keV. In panel (d), T; is fixed to the value as measured by the
charge exchange diagnostic at JET, i.e., T;=8.8 keV, and C,.s=5.03. The fit
does not follow the data on the low-tror side of the peak in panel (d). The
explanation is that because of the low density in this pulse, also reactions
between particles in the beam population (beam-beam) will play a role. A
fixed-shape component describing the beam-beam (BB) emission, with in-
tensity as the free parameter, is therefore added in the analysis. The compo-
nent is obtained from TRANSP [8] modeling of the pulse. The result of fit-
ting TH (with fixed 7;), NB and BB components (with C..4=4.31) is shown in
panel (e). The NB component maximum energy from the fit is
Ena=124 keV, which is realistic given that the beams are injected with
Ei,j=80-130 keV. The fit in the peak region is now starting to look rather
good, but it is clear that something is missing on the high-tror (low-E,) side
of the peak. This is the scattered neutron contribution as discussed in section
3.3 and paper II1.

The scatter component for use in the fit is generated through folding the
approximate direct spectrum (Figure 39¢) with a scatter matrix. The scatter
matrix consists of scatter spectra such as the one illustrated in Figure 10
(with a bin width of 50 keV) for quasi-monoenergetic (25 keV) emitted
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neutron energies in steps of 50 keV, in the interval 1-18 MeV (see paper 111
for details). After a first fit with the scatter component, the component can
again be removed from the fit and a new scatter component generated based
on the modified estimate of the direct spectrum, etc. The final component
analysis fit to the data with all components included (C,.=0.66) is shown in
Figure 39f. This approach can be compared with the attempt to analyze this
same pulse through response function inversion in Figure 11.
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Figure 39. Step-by-step component analysis applied to TOFOR data from JET pulse
73311, during the time t=9.2-10.3 s with Pyg=18 MW. The panels show the result
from component fitting using Cash statistics with (a) a thermonuclear (TH) compo-
nent only, (b) a beam-thermal (NB) component only, (c) TH and NB components, (d)
TH and NB with TH temperature locked to value from charge exchange measure-
ments, (e) TH, NB and beam-beam (BB) components and (f) complete analysis using
TH (with T; locked), NB, BB and scatter components. (Color online)
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The total number of neutron coincidences in TOFOR in the data studied in
Figure 39 is about 17400. The total number of neutrons emitted during the
same period is 6.7x10" as determined by the JET fission chambers. The
analysis yields an estimate of the number of neutrons incident on S1 (Ns;)
from reactions between different subpopulations, taking into account the
TOFOR efficiency as determined by the response function. In this case,
Nsi'"'=1.4 x10°, N5;""=6.6 x10°, Ns;""=8.0 x10° and Ns,**"*'=2.7x10". This
means the ratio scatter/direct (compare paper III) is 0.17.

The simplified beam-thermal box model, implemented as the default NB
fit component in NES, is used here. More sophisticated analysis of the beam-
thermal neutron emission is possible, but has not been the focus of this the-
sis. For pulses heated with single PINI NBI, the E . used in the analysis can
be found to closely match the beam injection energy Ei, [77]. A model has
been constructed where a superposition of boxes representing each PINI
used in the heating, with appropriate Ey.=FEij, is used as the NB component
instead of the simple box [78]. Also, beam-thermal components from
TRANSP modeling can be used in the NES analysis [77,79].
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Figure 40. Fractional contribution to the total spectrum of neutrons incident on
TOFOR from thermal (red hollow circles), beam-thermal (black points) and beam-
beam (blue crosses) components as a function of n,, for pulses in the interval 71000-
74000 with Pyg>10 MW and Prr=0. The points represent averages over the interval
n,20.25x10" m™. (Color online)

As shown in the analysis of 73311 above, the component fitting can be used
to separate the contribution to the neutron emission from reactions between
ions from different subpopulations. Knowing this fractional contribution, the
0 value (see section 1.1) from the different contributions can be calculated
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and Otermal/ Onon-thermal determined. Figure 40 shows the fractional contribu-
tion to the total neutron spectrum incident on TOFOR from thermonuclear
(TH), beam-thermal (NB) and beam-beam (BB) reactions as a function of
electron density n., for JET pulses in the interval 71000-74000 with
Png>10 MW and no RF heating applied. The points in Figure 40 represent
averages over 0.5x10' m™ wide bins. As can be seen, the NB contribution
stays rather constant independent on bulk electron density, while the BB
contribution is higher at lower density (as expected) and the TH at higher
density.

5.2 Deuterium tails

Folding neutron spectra from mono-energetic deuterium distributions such
as the ones in Figure 8 with the TOFOR response function, the minimum
deuterium energies required to reach below set flight times can be deduced.
In Figure 41, such #ror spectra obtained from folding theoretical neutron
energy spectra with the response function are shown, corresponding to the
thermonuclear emission from a 3 keV bulk plasma and reactions between a
3 keV bulk plasma and mono-energetic 100 keV, 300 keV, 500 keV, 1 MeV,
2 MeV and 5 MeV deuterons, respectively.
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Figure 41. Modeled tror spectra obtained from folding theoretical neutron spectra
(as in Figure 8) with the TOFOR response function, for a 3 keV D bulk reacting with
itself and mono-energetic deuterons of 0.1, 0.3, 1, 2 and 5 MeV energy in order of
spectral broadening. (Color online)
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It is clear from the figure that simple observations of the TOFOR spectra can
be used to verify the presence of fast deuterium in the plasma. Events in the
region f1or<55 ns in the TOFOR spectra are (usually, compare section 5.4
and paper VI) a clear indication of the presence of deuterium ions of higher
energy than the beam deuterium ions.

Here, we exemplify this type of TOFOR observations with analysis of da-
ta from two different sessions, on August 12" and September 29" 2009,
involving RF mode conversion. The same techniques can be applied to any
plasma scenario involving RF heating on deuterium and can be very interest-
ing for 2" harmonic D heating (paper IV, where the results are compared
with NPA data) and 3™ harmonic D heating (paper V, where the techniques
are applied to study correlations with MHD activity).

In Figure 42, smoothed (adding 4 bins together, Atror=1.6 ns) fror spectra
from pulses 78836, 78841 and 78842 from the August 12" session are
shown, along with the spectrum from NB heated discharge 73311 for com-
parison.
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Figure 42. Smoothed tror spectra as measured with TOFOR for JET pulses 78836
(dotted black), 78841 (solid red), 78842 (dashed magenta) and 73311 (dash-dotted
blue). (Color online)

All pulses in Figure 42 are D plasmas heated with D neutral beams. The
August 12" plasmas were seeded with *He (same amount for the three pulses
studied) and the RF power tuned to the fundamental frequency of this seed
population with the resonance layer located near the plasma center (Table 4).
In addition to the central *He resonance layer, an in-board fundamental D
resonance is also present (Table 4). Time traces for the NB and RF heating
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power and the total neutron rate as measured by the fission chambers for
pulses 78836, 78841 and 78842 are shown in Figure 43.

Table 4. RF frequency axr, toroidal magnetic field By, plasma current Ip, positions
of RF resonance layers for fundamental heating of D (Rpi") and *He (Rpz""™) and
*He concentrations (n3y,) for pulses 78836, 78841 and 78842.

78836 78841 78842
orr [MHZ] 37 33 33
Br [T] 3.42 3.4 3.4
Ip [MA] 1.8 1.8 1.8
Ris” [m] 2.11 2.35 2.35
Rer ™ [m] 2.81 3.13 3.13
N3pe [0 0.20 0.21 0.20
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Figure 43. Time traces of plasma parameters for JET pulses 78836 (dotted black),
78841 (solid red) and 78842 (dashed magenta). The top panel shows the NB heating
power, the middle the RF heating power and the bottom panel the total neutron rate
as measured by the fission chambers for the three discharges.
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The D resonance is not in the TOFOR line-of-sight for any of the three
pulses 78836, 78841 and 78842. However, it is clear that a small tail of fast
deuterium is seen for pulse 78841 (compare Figure 42 and Figure 41),
though the tail is on a low level (107 of the main peak) indicating that the
effect is weak in comparison with the beam-thermal reactions. The explana-
tion for this tail could be that the resonance layer for D heating is Doppler
shifted towards higher major radius R due to the energy of the beam ions.
Such an effect was previously observed and discussed in [12], where the
build-up of the tail was observed above a threshold *He concentration. With
a certain amount of *He present in the plasma, mode conversion of the RF
heating makes the D resonance layer accessible to the RF waves, that enter
the plasma from the out-board side. Since the *He concentration is the same
for the three pulses studied here, the presence or absence of a tail cannot be
explained by this observed concentration threshold effect. The reason why
no tail is seen for 78836 could be that the D resonance layer is located even
further on the in-board side of the plasma in this case (see Table 4). For
78842, Pgr is substantially weaker than for 78841 (Figure 43); this could
explain the fact that a tail is seen for 78841 and not for 78842. This simple
discussion on cause-effect of the observed tail is in no way to be regarded as
final; the observation of a tail has been reported to the coordinators of the
experiment and the interpretation will be finalized in comparison with other
diagnostic data collected during the session.
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Figure 44. Smoothed tror spectra for JET pulses 79341 (dotted black), 79349 (solid
red), 79352 (dashed magenta) and 73311 (dash-dotted blue). (Color online)
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The second example (Figure 44) comes from a similar session on September
29“1, 2009, with the modification that the bulk plasma consists not of D but
of H. D beams are however still used. Similar mode conversion as in the
D(’He) case has previously been studied also for H(’He) plasmas [15]. It was
observed that the threshold *He concentration, ns3y./n., for mode conversion
heating was lower in this case than for D(CHe) plasmas, with mode conver-
sion dominating from n3pe/n.~2%. The fror spectra in Figure 44 are again
smoothed (Atror=1.6 ns). Large tails are seen for pulses 79349 and 79352,
but not for pulse 79341. The effect is strong relative to the bulk emission
(same level as the main peak). This is easily explained as a consequence of
the H background plasma; there is no bulk D for the beams to react with.
Only beam-beam reactions will contribute to the neutron emission.
Parameters for the pulses studied are listed in Table 5, and time traces for
Png, Prr and the total neutron rate from the fission chambers shown in Fig-
ure 45. In this case, the RF and NB powers are similar in the three pulses; it
seems like the absence of a tail for pulse 79341 could be related to the lower
*He concentration (1-4.5% compared to 10 and 2-15 for 79349 and 79352,
respectively).
Table 5. RF frequency gy, toroidal magnetic field By, plasma current Ip, ;)ositions

of RF resonance layers for fundamental heating of D (Rgi") and *He (Rpz'") and
*He/H concentrations (M) for pulses 79341, 79349 and 79352.

79341 79349 79352
orr [MHz] 33 33 33

B [T] 3.41 3.41 3.41

Ip [MA] 1.8 1.8 1.8

Ris” [m] 2.35 2.35 2.35
Rer " [m] 3.13 3.13 3.13
Mapen [100xn. '] 1-4.5/88 10/80 2-15/88-70

An interesting observation is that the neutron rate (bottom panel in Figure
45) starts rising later for pulse 79352 (dashed magenta) than for pulse 79349
(solid red) with similar heating power. This could also be understood in
terms of *He concentrations; as can be seen in Table 5, the *He concentration
is stable at 10% for 79349, but rises from 2 to 15% for pulse 79352. It is
easy to imagine that the threshold between minority and mode conversion
heating for the *He population is passed at the point when the neutron rate
starts to rise.

For these pulses, the total neutron rate can be used to back up this kind of
discussion because the neutron emission is dominated by reactions involving
the fast D population (Figure 44). However, this is not always the case, e.g.,
not for the August 12" data (Figure 42).
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Figure 45. Time traces of plasma parameters for JET pulses 79341 (dotted black),
79349 (solid red) and 79352 (dashed magenta). The top panel shows the NB heating
power, the middle the RF heating power and the bottom panel the total neutron rate
as measured by the fission chambers for the three discharges.

It can be useful to construct a ‘probe’ of the time development of the fast
neutrons to diagnose the evolution of the fast ion population. This can be
done by integrating the counts in a set region of #ror in the TOFOR spec-
trum, as was done in papers IV and V. Here, we exemplify this by compar-
ing bulk (58<trop<70 ns) and fast (#1or<58 ns) count traces for 78841 and
79352 (Figure 46 and Figure 47). Note that the counts in the region
58<t1or<70 ns are not a direct probe of the bulk population; also counts from
the high energy population will interfere in this region (compare Figure 41).
For 78841, the bulk neutron rate from beam-thermal reactions is a lot
higher than the high energy tail neutrons (Figure 46). The bulk trace had to
be divided by 20 for comparison. It can be seen (compare Figure 43) that it
is only during the solid RF heating period in the beginning of the pulse
(t<6.5 s) that a fast tail is formed. Also the bulk neutron rate increases during
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this period due to the higher NB power, but the bulk rate does not disappear
as does the HE rate after the RF power drops.
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Figure 46. Time traces of summed high energy (tror<58 ns, red crosses) and bulk
(58<tror<70 ns divided by 20, black points) tror events obtained from integrating
TOFOR data in intervals of 0.5 s for pulse 78841. (Color online)
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Figure 47. Time traces of summed high energy (trop<38 ns, red crosses) and bulk
(58<t70r<70 ns, black points) tror events obtained from integrating TOFOR data in
intervals of 0.25 s for pulse 79352. (Color online)
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For 79352 (Figure 47), the difference between the two traces is not as distin-
guishable, because also the region 58-70 ns is dominated by the high energy
events (no bulk D for the D beam to react with). What can be seen is that the
HE trace is at zero at the outset, when the *He concentration is low (minority
heating) and increases as the *He concentration increases (mode conversion).
This could however, as described above, be deduced also from the total neu-
tron rate due to the special plasma circumstances.

5.3 Deuterium distribution unfolding

Section 3.4.2 describes deuterium distribution unfolding - a method to di-
rectly deduce the deuterium distribution from TOFOR data through fitting of
mono-energetic deuterium (J) spectra such as the ones in Figure 41. Here,
we exemplify the use of this method through analysis of #ror spectra from
JET pulse 74945, heated with 3" harmonic RF tuned to D with a central
resonance layer at R=3 m, in the TOFOR line of sight. This pulse is from the
same session as the pulses studied in paper V, and some similar results are
presented also in the paper. Time traces for Pyg and Pgr and the total neutron
rate for pulse 74945 are shown in Figure 48, along with a frequency spectro-
gram from magnetic pickup coils showing the MHD activity in the plasma.

TOFOR spectra from four 0.5 s intervals, indicated in Figure 48 with
Roman numerals, have been studied. During period I, t=17-17.5 s, Pyg and
Prr are constant, and MHD activity in the form of TAE and tornado modes
can be observed. At about 17.5 s, a monster sawtooth crash leads to redistri-
bution of the fast ions in the plasma. The second time interval, 18-18.5 s, is
chosen to fall after the effect of the sawtooth crash has subsided, but during
the period of constant Pyg and Pgrg. During this period, MHD activity in the
form of a neo-classical tearing mode (NTM) is observed. Time periods III
and IV fall during the notch in Pgrr with significantly lower RF power, at
18.5-19 s and 19-19.5 s, respectively.

TOFOR spectra for the four time periods are shown in Figure 49, with the
fit from applying the deuterium distribution unfolding method indicated. As
can be seen, the method is applied only in the region f1or<65 ns. The events
in the region corresponding to Eq<FEpe.m are fitted using a beam component.
The fits follow the data nicely for all four time periods.
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Figure 48. Time traces of plasma parameters for JET pulse 74945. The top panel
shows MHD activity displayed as a frequency spectrogram from magnetic pick-up
coils, the middle the NB (dashed red) and RF (solid black) heating power and the
bottom the total neutron rate from the JET fission chambers.

Figure 50 shows the resulting normalized deuterium distributions (taking the
viewing volume in the line-of-sight of TOFOR into account) with error bars
from the fits in Figure 49. The four time periods give, in order, the distribu-
tions from top to bottom in Figure 50. We start by comparing the top two
distributions, from periods with similar heating power but different MHD
activity. As can be seen, the distributions are very similar in the low energy
region (same Pyp) and die off at the same energy (same magnetic field B and
electron density n. give the same cut-off, compare section 1.3.3). However,
the D distribution during the NTM (18-18.5 s) is significantly lower than the
one during TAE/tornado activity in the intermediate energy region. This is
due to the nature of the interaction of the NTMs and TAEs with the fast ion
population; however, the detailed explanation is outside the scope of this
thesis.
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Figure 49. TOFOR data from time periods I, 11, Il and IV of Figure 48 with fits
obtained by applying the deuterium distribution unfolding method indicated. (Color
online)

Comparison with the lower two traces demonstrates the effect of the notch in
Prr on the D distribution. The third trace from the top represents the average
distribution for the first 0.5 s after Prr was reduced, the bottom trace the
following 0.5 s period. It is clear that the slowing down of the fast ions in the
plasma leads to a gradual drop in the fast D population when fast D is no
longer generated through the applied heating.

As mentioned, paper V describes a detailed study of TOFOR observations
of interactions between fast ions and MHD modes for pulses from 3™ har-
monic heating. The deuterium distribution method was also used in the anal-
ysis for paper IV, where the derived distributions are compared with those
obtained independently with the high-energy NPA at JET, KF1 (see section
2.2.2). In general, good agreement is seen between the distributions obtained
with the two instruments. This cross-validation lends credit to the deuterium
distribution method, though there are some discrepancies between the results
from the two instruments that we had planned to investigate further in an
experiment at JET in October 2009 that was cancelled at the last minute.
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Figure 50. Deuterium distributions resulting from the fits in Figure 49, with the top
trace representing the time period 17-17.5 s and the lower traces progressively later
time periods. (Color online)

5.4 Beryllium neutrons

As mentioned in section 1.2, it was established in paper VI of this thesis that
Be can react with fuel ions to produce neutrons on a level observable with
TOFOR. The neutron emission from reactions between Be and fast H, *He
and *He was studied further through simulations in paper VII. The possibility
of analyzing beryllium neutrons with TOFOR is a demonstration of the ver-
satility of the instrument. The analysis involves application of the Compo-
nent fitting method (section 3.4.1) using theoretical components representing
reactions between different subpopulations. These components are generated
with ControlRoom (section 3.2) for reactions between ion distributions esti-
mated from theory using Stix’s formalism (section 1.3).

In this section, we study a set of data from Sept 18th, 2009, as a further
example of beryllium neutron observations with TOFOR. The plasma scena-
rio in these pulses is ‘He bulk, *He beams (1-2 PINIs) and RF heating tuned
to the 3™ harmonic resonance of *He. A complicating factor is that there is
residual D in the plasma from regular JET operations on a level up to 10%,
and that the RF resonance layer for D coincides with that for *He (same Z/m
ratio). The statistics in the TOFOR data from these pulses are on the low
side; in Figure 51, the summed data from the whole session (pulse 79167-
79175) are shown. As can be seen, the spectrum is rather flat in the region
from 40-75 ns, as expected from 3™ harmonic D heating (compare the top
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two panels in Figure 49). An additional structure in the data is visible in the
region 30-40 ns; data in this region is consistent with neutrons from the
ground state of the *Be(*He,n)'*C reaction as demonstrated in papers VI and
VIIL
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Figure 51. Summed TOFOR data from JET pulses 79167-79175, with a fit to the
data (solid blue) indicated. The components of the fit represent the ground and first
excited states of the *Be(*He,n)"’C reaction (long-dashed magenta), the fast D popu-
lation reacting with itself (short-dashed red) and scatter (dash-dot black). (Color
online)

A fit to the data using theoretical components is also shown in Figure 51.
The component for the ground- and excited states of *Be(*He,n)'C is calcu-
lated using ControlRoom with a 4 keV Maxwellian Be population and a
theoretical estimate of the fast “He population using Stix. The electron densi-
ty varies during the session from 7:=2.5x10" m™ up to 4x10" m™. In Figure
52, the theoretical *He distributions using Stix assuming an applied RF pow-
er of Prp=0.43 MW/m’ and electron densities 7,=2.5x10" rn'3, 2.9x10" m?
and 3.3x10" m™, respectively, are shown. The distributions are calculated
for “He beams (Png=1.3 MW, Epean=96 keV) in a ‘He bulk plasma. In the
’Be(*He,n)'’C component used in the fit for Figure 51, n.=3.3x10" m™ is
used.

In Figure 53, D distributions similar to the ones for ‘He from Figure 52
are shown. These D distributions are also calculated using Stix with
Prr=0.43 MW/m’, but for a minority D population in a “He background
plasma, assuming n4=0.1xn.. The component for the DD neutrons used in
the fit in Figure 51 is calculated making the distribution for n.=3.3x10" m™
from Figure 53 react with itself.
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Figure 52. Theoretical distributions calculated using the Stix formalism for the *He
population Ifrom 3 harmonic RF on *He beams, for electron density values
n,=3.3x10"° m” (dashed red), n,=2.9x10" m” (dash-dot blue) and n,=2.5x10" m™
(solid black). (Color online)

107

f [au]

| I

0.5 1 15 2 25 3 3.5 4
E [MeV]

-6 1111111111111111111\1111‘“11111
10 L1l
0

Figure 53. Theoretical distributions calculated using the Stix formalism for the D
population 1fr0m 3" harmonic RF on minority D, for electron density values
n,=3.3x10" m? (dashed red), n,=2.9x10"” m (dash-dot blue) and n,=2.5x10" m™

(solid black). (Color online)

The intensity of the scatter component used in Figure 51 is fixed to a fraction
4.6x10"" of the total neutron yield as measured by the JET fission chambers.
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The intensities of the ground and excited states of the *Be(*He,n)'*C reaction
are not allowed to vary relative to each other in the fit. The ratio of neutrons
from *Be(*He,n)"*C to neutrons from DD reactions from the analysis is 0.37;
Cea=0.71.

As mentioned, the statistics of the data from this session are low. Howev-
er, one simple way to split the data for more detailed analysis is to sum the
intervals of single and double PINI heating individually. This has been tried,
and the result is shown in Figure 54 (single PINI heating) and Figure 55
(double PINI heating). It is immediately clear from looking at these figures
that the *Be(*He,n)'>C contribution is stronger in the single PINI case while
the DD neutron emission completely dominates in the double PINI case.
This can be explained by the fact that when two PINIs are used, the seed
population of fast ‘He for the RF power to couple to becomes too large, lead-
ing to better coupling to the minority D ions. The observation of dominating
D heating for the double PINI case is also consistent with observations from
Y spectroscopy data.

single PINI

10 = — total
- — - *Be*He

- — - scatt

counts / bin
)
]

hﬁ -' |[ﬂ ||

Il

65

.il I
\

. 1ok
LT

—I 13 14011145111

11111111

tTOF [ns]

Figure 54. Data from periods with single PINI NB heating only from JET pulses
79167-79175, with a fit to the data (solid blue) indicated. The components of the fit
represent the ground and first excited states (long-dashed magenta) of the
’Be(’He,n)"’C reaction, the fast D population reacting with itself (short-dashed red)
and scatter (dash-dot black). (Color online)

In both the single and double PINI cases, fits using the same components as
for the summed data have been tried. The results are shown in Figure 54 and
Figure 55 along with the data. In the single PINI case, the rate of
9Be(4He,n)12C to DD neutrons is 0.73 and C,.4=0.83, in the double PINI case
these numbers are 0.19 and 0.66, respectively.
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Figure 55. Data from periods with double PINI NB heating only from JET pulses
79167-79175, with a fit to the data (solid blue) indicated. The components of the fit
represent the ground and first excited states of the *Be(*He,n)"’C reaction (long-
dashed magenta), the fast D population reacting with itself (short-dashed red) and
scatter (dash-dot black). (Color online)
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Figure 56. Comparison of fits to the summed TOFOR data from JET pulses 79167-
79175 using the theoretical Stix distribution with n,=0.1 xn,, n,=3.3x1 0" m (short
dashed red) and a 300 keV Maxwellian (dotted blue) to describe the D population.
The total fits (solid blue for the Maxwellian, solid red for the Stix distribution) in-
clude contributions from *Be(’He,n)"’C (long-dashed magenta) and scatter (broken
black) components; these are the same in the two cases. (Color online)
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In the analysis presented here, we have fitted the data with components
based on simple theoretical estimates using Stix. The fits look rather good in
all cases. A commonly used assumption when analyzing fast ion data at JET
is that the fast ions are Maxwellian distributed. In Figure 56, a comparison is
made between fitting a 300 keV Maxwellian distribution reacting with itself
(dotted blue curve, total in blue) and the Stix-based component used above
(dashed red curve, total in red) to the DD part of the spectrum. It is clear that
our fit based on theoretical input, though simple, gives a better description of
the data. Further detailed analysis of these data is in progress.

5.5 Results from 14 MeV neutron measurements

TOFOR is optimized for study of the 2.5 MeV neutrons from DD reactions.
The latest DT campaign (trace trittum, TTE) was run at JET before TOFOR
was installed. However, 14 MeV TBN neutrons (see section 1.2) have been
detected with TOFOR, and the same tools used to study the DD emission
can be applied also in the TBN case.
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Figure 57. Summed TOFOR time-of-flight spectrum as in Figure 38, collected for
pulses 76193-76210 with the instrument set to record events above a higher thre-
shold level only. The solid blue line represents a total fit to the data of a TBN com-
ponent (dashed blue) and a scatter component (dash-dot black) as described in the
text. (Color online)

As discussed in section 4.4, TOFOR can currently through simple software

selection be set to run in 14 MeV mode, discriminating against 2.5 MeV
neutrons to highlight the weak TBN peak. A data set collected using this
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setting was shown in Figure 38. In Figure 57, the same data set is shown
together with a fit to the data using the component fitting method described
in section 3.4.1. A response function with proton equivalent
thresholds £,°'=2400 keV and E,=500 keV is used in the analysis. As can
be seen, the data is well accounted for with a simplified TBN component and
a scatter component (C.=1.2).

The TBN component used in the analysis is simulated using
ControlRoom (section 3.2) with a Maxwellian D distribution and a slowing
down T distribution from D+D—T+H (compare section 1.3.2). In the simpli-
fied T slowing down simulation, only thermal D+D reactions are taken into
account, and the cross sections for D+D— He+n are used in place of real
D+D—T+H cross sections. Average 7., n. and T; values from NB heated
pulses with Png>10 MW in the range 71729-73979 are used in the simula-
tion.
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Figure 58. Summed TOFOR time-of-flight spectrum for pulses with Pyg>10 MW in
the interval 71729-73979. The data is shown over a tror scale from 20-100 ns, in-
cluding the 14 MeV neutron peak at 27 ns. Also shown in the figure is the total fit to
the data (solid blue line) of TBN (long dashed blue), thermal DD (solid red), beam-
thermal DD (solid black), beam-beam (broken black) and scatter (short dashed
black) components. (Color online)

The same TBN component is used also in the analysis of the data presented
in Figure 58, i.e., the summed tror spectrum for NB heated pulses in the
range 71729-73979 with Pyxg>10 MW. TOFOR is operated in regular
2.5 MeV mode and the normal response function for the JET pulse interval
71000-74000 is used. The fit to the data using the component fitting method
with TBN, thermal DD, beam-thermal DD, beam-beam DD and scatter com-
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ponents is shown together with the data in Figure 58. The components on a
neutron energy scale are shown in Figure 59. The goodness-of-fit is poor in
this case with C,.q=75. However, the main C,4 contribution is from the DD
part of the spectrum in the region 85-100 ns. It should be noted that the data
is summed over some 250 pulses with varying, though similar, conditions;
this has implications for the ability to describe the data with the models used.
It is also believed that the response function is not known to high enough
accuracy to describe data with such high statistics.

It is clear from the figures that beam-thermal and beam-beam reactions
are the sources of a significant fraction of the DD neutrons in this case. This
means, of course, that tritium produced in beam-thermal and beam-beam DD
reactions should also be taken into account in the creation of the TBN com-
ponent in a detailed analysis. However, the component from this simple si-
mulation describes the data fairly well as can be seen. Only the intensity of
the 14 MeV peak is fitted, the shape of the component is fixed from the si-
mulation.

Another observation from Figure 58 is how well the scatter component
describes the data over the full range from #ror=27 to 100 ns. The intensity
of the scatter component is completely determined by the DD scatter in the
region trop>70 ns. The shape is obtained from an estimate of the direct neu-
tron energy spectrum from preliminary fits to the data as described in section
3.3 and paper III.
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Figure 59. The components obtained from the fit to the data in Figure 58 shown on
a neutron energy scale, with colors as in Figure 58. (Color online)
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A very simple estimate of the fuel ion density ratio n/ny can be obtained if
we ignore the fact that the reactivities are different for thermonuclear, beam-
thermal and beam-beam DD reactions, and assume thermal reactivities for
DD and DT. For T=4.9keV (average for the pulses studied),
<oV>g¢/<0v>44=160. Then

Y, _ nn, (ov)
Yd d 1 2 thermal beam—thermal 1 2 beam—beam
2" <0'v>dd +nn,, <0'v>dd +5nbm <0'v>dd
21
reduces to
Y n
—& ~—1.320. (22)
ad  Ma

The component analysis of TOFOR data in Figure 58 yields
Y4/Y4q=0.47/(2.7+7.9+4.9), which gives n/ng=1x10". This is a low estimate;
the beam-thermal and beam-beam DD reactivities are higher than the ther-
mal, reducing the factor 320 in equation (22).
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6 Outlook

1t is rare in science that we come to an
answer — rather that we come to more
questions.

Barbara Badelek, 2008-12-11

This thesis concerns the development and characterization of the TOFOR
neutron spectrometer at JET, as well as measurements using TOFOR in va-
rying plasma scenarios. It has been shown that TOFOR provides a strong
contribution to the fast ion physics program at JET.

The work undertaken has contributed to the understanding of and made it
possible to correct for peculiarities of the instrument detectors and electron-
ics. The discriminator thresholds in the electronics, the time alignment of the
detectors relative to each other and a residual electronics broadening due to
pulse height resolution and timing uncertainty issues have been seen to be of
crucial importance in understanding the response of the instrument to inci-
dent neutrons. Neutrons that have scattered in the line-of-sight before reach-
ing TOFOR contribute significantly to the recorded data and have to be tak-
en into account in the analysis.

In this section, we discuss possible improvements of the TOFOR setup
and analysis (section 6.1). Also, a number of physics issues are identified to
which TOFOR is foreseen to contribute in the next few years (section 6.2).

6.1 Instrument improvements

A deeper understanding of the response of TOFOR to incident neutrons im-
proves the data analysis, because it allows for a closer match between the
response as estimated in the instrument response function and the actual
response as it manifests itself in the measured data. Our estimate of the TO-
FOR response to incident neutrons could be further improved by

i.  correcting also for S2 time alignment,
ii.  regular and accurate threshold determination, and
iii.  more sophisticated determination of the electronics broadening.

The challenge with point (i) is the low statistics in the ohmic time board data for
each individual S2 detector. However, a correction method could in principle
easily be developed based on a larger number of pulses than in the S1 case.
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Point (ii), i.e., the threshold determination, is a more delicate issue. As
pointed out in section 4.5, weekly threshold calibrations using the **Na
source in the S1 box should be introduced for the S1 detectors before the
next campaign. If such regular checks are introduced, it would be of impor-
tance to also develop an automated method for threshold determination. For
the S2s, applying the *Na source method during campaigns is not
straightforward. TOFOR is equipped also with a laser light source, fitted
with a polarizer to allow for automatic variations of the light intensity, as
described in paper II. The threshold level in the ADC spectrum from a sweep
over different laser intensities does not fall at the same channel number as in
the *Na case, and the energy scales are also not comparable due to different
pulse shapes. However, if careful threshold settings using “*Na before the
start of campaigns were combined with laser runs to correlate the ADC spec-
trum threshold levels from the two methods, laser sweeps could be used to
monitor the S2 thresholds for drifts.

The current method used to determine the electronics broadening (iii),
where the response function is broadened with a Gaussian of a width that
gives good agreement with charge exchange measurements, is not satisfacto-
ry. This has a direct impact on the ability of TOFOR to provide an indepen-
dent measurement of the bulk ion temperature. The ad-hoc broadening
needed in the response function could possibly be reduced by introducing
hybrid boards, thus eliminating the time walk introduced by the CFDs, and
correcting for S2 time alignment variations. It should also be possible to
determine the energy-dependent pulse height resolution of TOFOR. A me-
thod for such pulse height determination is outlined in [69], where the para-
meters ¢, [ and yin equation (17) are determined through a fit to (a mini-
mum of three) Compton edges from different gamma sources. The method
currently used for determining the thresholds could possibly also be im-
proved in this way, by making the fits to the data easier.

In addition to the improvements already listed, another few points can be
identified that would contribute to TOFOR instrumental development.

e A further investigation should be undertaken on the CFD
time walk issue. This could be done by acquiring a polarizer
such as the one used for the laser for use with the LED.
Since the LED light is emitted simultaneously with a synch
signal, an absolute timing reference would be available in
this case. The results would, however, be limited by the
0.1 ns timing uncertainty due to the machining of the light
fibers fed to each detector, and by the 0.4 ns bin width of
time boards.

e Each S1 detector signal represents the sum of signals from
three PM tubes. To further improve the instrument response,
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it would be of interest to monitor the gain of individual S1
PM tubes. How this could be done is however not clear.

e  Monitoring of load-dependent PM tube gain drifts would
make it possible to check for threshold variations during
high-intensity JET pulses. Also for this there is currently no
method available.

e An annoying peculiarity of TOFOR is the synchronization
procedure of the time boards. Synchronization is triggered
by an initialization signal from the central JET computers
two minutes before each pulse, and the process is random.
Too frequently the time boards are not synchronized on time
before the pulse starts and the data are lost. The procedure
for synchronization should be improved.

A major upgrade of TOFOR is being considered where (i) the S1 detectors
would be replaced with new ones with better light yield, hence larger pulse
heights, improved pulse height resolution and better timing, and (ii) hybrid
boards would be introduced in the electronics. As discussed in section 4.4,
hybrid boards would improve the versatility of TOFOR in making it possible
to focus the analysis on different energy regions of the spectrum from the
same pulse. Introducing hybrid boards would also be a test to see if the ran-
doms contribution can be reduced enough to make TOFOR useful for higher
flux DD and 14 MeV neutron measurements.

6.2 Future experiments and data analysis

A new ITER-like wall (ILW) is being installed at JET during the current
shutdown (2010). This project involves replacement of most of the plasma-
facing C components with Be ones. Some of the divertor tiles, currently con-
sisting almost entirely of C, will be replaced with W tiles, and some coated
with a layer of W.

After the ILW installation, the Be impurity concentration in the plasma is
expected to increase. In the campaigns following the shutdown, further inter-
ference in the measured TOFOR spectra from Be neutrons such as described
in paper VI and section 5.4 might be expected. This could lead to further
conclusions on the topic of Be neutrons at ITER (paper VII).

The new Be-rich environment should also provide ample opportunity for
cross-validation of Y and TOFOR data. Cross-validation of the available fast-
ion diagnostics is relevant because of the important role fast ions will play in
future fusion reactors. At ITER, fast ion measurements in the region
E.<1 MeV are expected to increase in importance due to the foreseen beam
ion injection energy. The experiment planned and accepted to further cross-
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validate TOFOR and NPA measurements in this energy region (preparatory
study presented in paper IV) should be run as part of the new campaigns.

TOFOR can measure 2.5 and 14 MeV neutrons simultaneously, as dem-
onstrated in section 5.5. This feature of the instrument should be exploited to
test fuel ion ratio determination methods. This could be done in a more de-
tailed study of DD data than that presented in section 5.5, but would be even
more interesting in a future trace trittum campaign.

Scattered neutrons are of crucial importance for the fuel ion ratio deter-
mination, and these investigations should continue. The scattered neutron
simulations used in the analysis of TOFOR data (paper III) also need to be
rechecked after the ILW installation at JET.

6.3 Outlook to ITER

Neutron spectrometry is an ITER relevant diagnostic technique. A line-of-
sight has been enabled for a neutron spectrometer in the ITER design, but
there is at present no money allocated for its construction. Several of the
neutron spectrometer techniques envisaged for ITER demand large apertures
in the first wall in order to achieve the necessary count rates to fulfill the
measurement requirements (in terms of time resolution and precision). There
are concerns [24] that a large first wall aperture could lead to unacceptably
high neutron fluxes relatively far from the ITER tokamak. An optimal bal-
ance between acceptable levels of neutron streaming and spectrometer per-
formance has yet to be found.

Ref [24] lists a number of required plasma measurements for ITER. 7; and
n/ng, both discussed in this thesis, appear as essential in the list. Another
relevant quantity iS QOumermal/Onon-therma, related to the determination of
progress towards a plasma sustained with progressively higher fractions of
intrinsic heating. Neutron spectrometry could, as has been shown here, be
useful in determining these quantities. A further detailed simulation study of
the feasibility of using neutron spectrometry for n/ny measurements is un-
derway in the group, building partly on the scattered neutron results pre-
sented in this thesis. Especially during the DD phase of operations and when
trace (single percent) amounts of tritium are introduced, neutron spectrome-
try would be well suited for this type of measurement.

Also the determination of fuel ion energy distributions resulting from var-
ious heating schemes is highly ITER relevant, as is the possibility of contri-
buting to the study of interactions between fast ions and MHD modes. At
ITER, also beam ions would be energetic enough to resonate with Alfvén
modes (depending on plasma scenario), making the type of analysis exempli-
fied in paper V more generally applicable. Finally, a neutron spectrometer
could turn out to be of interest also for the non-activated phase of ITER, for
determination of the neutron emission spectrum from beryllium reactions.
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7 Sammanfattning pd svenska

The substance [may beJtoo complicated to
get across, it is the image that is important.

Kenneth Wilson, Nobel Prize Winner

Den hir avhandlingen handlar om TOFOR, som 4r en neutronspektrometer
installerad pa fusionsforskningsreaktorn JET utanfér Oxford i England. De
flesta har nog hort talas om fusion och att det ska vara en lovande metod for
framtidens energifoérsorjning, men vad &dr det egentligen? Och hur kan man
ha nytta av en neutronspektrometer nar man forsoker lara sig hur man ska fa
fusion att fungera som energikilla?

Fusion innebér att tva ldtta joner slas ihop och bildar en tyngre. Den
sammanlagda massan hos de partiklar som blir kvar efter reaktionen &r lagre
4n massan hos de reagerande partiklarna. Massan som har forsvunnit frigérs
i form av energi enligt Einsteins beromda formel E=mc®. Principen ir den-
samma som for vanlig kdrnkraft, fission, fast omvént: | fission delas en tyng-
re kérna i tva ldttare med resultatet att massan efter 4r mindre &n massan fore
och energi frigoérs. Fusion &r en attraktiv energiform eftersom mycket lite
brénsle kravs for att frigora stora miangder energi.

Fusionsreaktioner mellan tunga isotoper av véte, deuterium (D) och triti-
um (T), dr mest lovande for framtidens energiproducerande reaktorer efter-
som sannolikheten att de ska ske blir relativt hog redan vid relativt l1aga tem-
peraturer (100 miljoner grader) och eftersom en stor méngd energi frigors i
varje reaktion. En komplikation 4r dock att T &r radioaktivt med en halve-
ringstid pa 12,3 &r. Detta betyder dels att extra sékerhetsatgérder krivs for att
kora en fusionsreaktor med T, och dels att T inte finns tillgéngligt i naturen.
I framtiden rdknar man med att skapa T i reaktorerna genom reaktioner mel-
lan litium och neutroner. I dagslédget viljer man oftast att kora forskningsre-
aktorer med bara deuterium, som ocksé kan reagera med sig sjilvt, dock med
nagot lagre sannolikhet och mindre frigjord energi.

Fusionsbrénslet (vitejonerna) maste alltsd vara mycket varmt for att en
tillracklig andel av brénslet ska reagera. Vid sddana hoga temperaturer ar
materien i plasmaform — atomerna delar upp sig i sina laddade bestdndsdelar,
joner och elektroner. Laddade partiklar halls pa plats i ett magnetfilt och det
utnyttjas 1 fusionsforskningen. Den hittills mest framgangsrika reaktormo-
dellen for fusion &r ett badringsformat magnetfilt (tokamak) i vilket fusions-
brinslet far reagera. Fusionsreaktioner sker vid sddana forskningsanldgg-
ningar over hela vérlden idag. JET &r EU:s flaggskepp pa fusionsomradet
och virldens just nu storsta tokamak. Nista steg mot kommersiell fusion &r
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byggandet av en ny forskningsanldggning, ITER, som ska std klar i sodra
Frankrike 2018. En stor del av den forskning som gors idag handlar om att
forbattra forutsdttningarna for att lyckas med ITER. Mélet med ITER ér att
visa att mer energi gar att producera dn som krévs for att virma upp plasmat.
Déremot rdknar man inte med att producera el fran ITER — det &r avsikten
med den néstf6ljande reaktorn i fusionsprogrammet, DEMO.

I bdde D+T- och D+D-reaktioner skapas helium och neutroner. Energin
frigors 1 form av rorelseenergi hos dessa partiklar, som dérmed blir mycket
energirika. Tanken &r att heliumet, som &r laddat, ska stanna i reaktorn och
halla brinslet varmt, medan neutronen, som &r oladdad, ska limna magnet-
féltet och anvinda sin energi till att virma vatten i reaktorviggen. Elektrici-
tet ska sedan genereras i en dngcykel som pé traditionella elkraftverk. I da-
gens forskningsreaktorer ricker virmen fran det skapade heliumet inte for att
halla plasmat varmt. Yttre uppvdrmning i form av neutralstrileinjektions-
uppvarmning eller radiofrekvensuppvirmning tillimpas. Neutralstraleinjek-
tionsuppvarmning innebdr att brinslejoner accelereras till hoga energier
utanfor plasmat och neutraliseras for att kunna komma in i magnetfiltet. Vil
inne joniseras de snabbt igen och Gverfor sin energi till plasmat genom kolli-
sioner med plasmapartiklarna. Radiofrekvensuppvarmning innebér att vagor
skickas ut frén antenner i reaktorviggen, med en frekvens som matchas till
frekvensen med vilken ett partikelslag snurrar runt féltlinjerna i magnetfiltet.
Resonans mellan vagen och snurrfrekvensen gor att partiklarnas snurrhastig-
het, och ddrmed energi, okar.

Samtliga former av uppvérmning, inre med snabba heliumjoner savil som
yttre med neutralstraleinjektion eller radiofrekvensvagor, innefattar overfo-
ring av virme fran snabba partiklar i plasmat till 6vriga genom kollisioner.
Aven fusionsreaktionerna sker naturligtvis i kollisioner. For att de snabba
jonerna ska kunna kollidera med &vriga joner i plasmat sa krévs att de halls
kvar i magnetfiltet. Forskning pa vilka mekanismer som paverkar inneslut-
ning i eller forlust av snabba joner frdn magnetfiltet dr darfor av stor vikt.

Olika sé kallade diagnostiker anvinds for att forsoka forstd vad som hén-
der inuti fusionsplasmat. Neutrondiagnostik &r ett exempel. Det finns manga
fordelar med neutronmétningar. Neutronerna skapas i reaktioner mellan
bréinslejonerna och bar ddrmed med sig direkt information om dessa. De &r
neutrala, vilket betyder att de ldmnar magnetfiltet och blir en indikator pa
utsidan pa vad som hinder pa insidan av reaktorviggen. Det betyder dels att
neutrondiagnostikinstrumenten inte behdver utsittas for den enorma pafrest-
ning som plasmamiljon utgér, med hog virme och hogt partikelfléde, och
dels att de kan méta plasmaegenskaper utan att paverka plasmat. Dessa for-
delar kommer att véga tungt pad ITER och framférallt pA DEMO, dér allt
hogre partikelfléden och temperaturer gor reaktormiljon allt ogéstvinligare.
Neutrondiagnostik &r en framtidsmetod.

En viktig uppgift for neutrondiagnostiken dr att rdkna antalet utsondrade
neutroner, dels som ett métt p4 hur ménga reaktioner som sker, och dirmed
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den producerade fusionseffekten, och dels av sidkerhetsskdl — neutronerna
aktiverar de omgérdande strukturerna och myndigheterna krédver noggrann
kontroll av hur ménga neutroner som produceras. Neutronflodesmonitorer
skoter den uppgiften.

TOFOR ir som sagt ett exempel pa en neutronspektrometer. Sddana har
som mal att méta energin hos de utsondrade neutronerna. Om man kénner till
neutronenergispektrumet, det vill sdga den relativa intensiteten av neutroner
med olika energier, s kan man dra slutsatser om energiférdelningen hos
brinslejonerna. Denna information kan anvéndas for att avgoéra hur vil de
olika uppvirmningssystemen fungerar, liksom till viss del dven till dkad
forstaelse av inneslutnings- och forlustmekanismer. Saddan kunskap blir en
bit i det pussel som maste ldggas innan fusion kan komma att fungera som
kommersiell elenergikilla.

Neutronspektrometri som diagnosmetod for fusionsplasman féreslogs re-
dan 1967. Metodens framgang &r beroende pa hur manga neutroner som gar
att méta, vilket i sin tur beror pa bade antalet utsondrade neutroner fran
plasmat och neutrondetektionseffektiviteten hos instrumentet. 1967 var ut-
sondringshastigheten fran fusionsreaktorer mycket lag. JET &r en stor fu-
sionsreaktor med god férmaga att producera neutroner. TOFOR 4r optimerad
for att detektera sa manga (D+D-) neutroner som mojligt. Kombinationen av
de tva ger forutsdttningar att ta neutronspektrometrin till nya hojder.

Arbetet med den hir avhandlingen borjade med byggande och installation
av TOFOR pé JET (artikel I och II). Stor vikt har lagts vid att forbéttra for-
staelsen av hur inkommande neutroner aterspeglas i uppmétta data. TOFOR
miter flygtiden for neutroner mellan tva detektorer. Eftersom flygstrickan &r
kidnd gar det att rdkna ut hastigheten hos neutronerna och didrmed deras
energi. Problemet kompliceras av att inte alla neutroner gar raka végen fran
den ena detektorn till den andra (multipelspridning) och av att det 4r ganska
svart att méta hdndelser med den precision som krévs (tiondels nanosekun-
der). Hur det uppmitta flygtidsspektrumet relaterar till neutronenergispekt-
rumet beskrivs av instrumentets responsfunktion, som diskuteras i detalj i
sjdlva avhandlingstexten, kapitel 4.

Forutom detaljerad forstaelse for hur TOFOR reagerar pad inkommande
neutroner sé kriavs ocksé forstaelse for hur spridda neutroner paverkar upp-
mitta data for noggrann analys. Artikel III behandlar sidana neutroner, som
alltsa inte gar raka vdgen fran plasmat till TOFOR utan sprider i reaktorvig-
gen eller omgivande strukturer pé vidgen, med forlust av energi som foljd.
Sadana spridda neutroner péverkar alla neutronmétningar och forstéelse av
dem #&r viktig bade for korrekt rdkning av antalet neutroner och detaljerad
analys av energispektrumdata.

En viktig punkt i arbetet med ett nytt instrument &r att kontrollera att re-
sultaten blir rimliga. Ett sdtt att gora detta &r att jimfora med resultat fran
andra diagnostiker. P4 JET finns tre system som anvinds for att studera in-
neslutna snabba joner: Neutronspektrometri, gammaspektroskopi och in-
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strument for analys av neutrala partiklar (NPA). I artikel IV jamfor vi resul-
tat frain TOFOR med resultat frain NPA, som anvénder en helt annan metod
for att studera liknande saker som TOFOR.

Allt detta bakgrundsarbete med instrumentkonstruktion, forstaelse av
TOFOR:s respons, simulering och métningar av spridda neutroner och vali-
dering for att kontrollera att resultaten stéimmer 6verens med andra diagnos-
tiker krons i avhandlingen med tva artiklar, V och VI, med nya fysikresultat
som uppnatts med TOFOR. I artikel V beskrivs hur TOFOR har kunnat an-
vindas for att studera hur snabba joner interagerar med instabiliteter i mag-
netfiltet med valdigt fin tidsupplosning. Detta var mojligt eftersom neutron-
utsondringshastigheterna var hoga i de speciella radiofrekvensuppviarmda
plasman som studerades, och tack vare TOFOR:s goda effektivitet. Metoden
ar lovande f6r ITER dér neutronflodena efter nagra ar bor bli mycket hoga.
Artikel VI beskriver hur TOFOR anvénts for att méta dven neutroner fran
mindre vanliga fusionsreaktioner mellan beryllium och helium. Detta 4r in-
tressant dels ur instrumentell synpunkt for att det visar pa flexibiliteten hos
TOFOR, dels infor framtiden. P& JET installeras just nu en ny reaktorvigg
som bestar av beryllium. ITER berdknas ocksa ha en berylliumplasmavigg.
Det betyder att beryllium kommer att finnas med som betydande orenhet i
framtida plasman och reaktioner som de som observerats med TOFOR
kommer att 6ka i betydelse.

Artikel VII behandlar en ren simuleringsstudie som foérsoker besvara hur
manga berylliumneutroner som kan tinkas skapas under de forsta aren efter
att ITER har tagits i bruk, det vill sdga under kampanjer da ITER &nnu inte
har certifierats som nukledr anliggning och inga neutroner egentligen far
produceras. Slutsatsen av studien blir att betydande neutronfléden kan for-
vintas fran berylliumreaktioner vid vissa uppvarmningsscenarier. Detta dr av
betydelse i planeringen av ITER-experimenten.
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